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D.C. CONDUCTION IN SWOLLEN POLAR POLYMERS. I. 
ELECTROLYSIS OF THE KERATIN-WATER SYSTEM 


G. King and J. A. Medley 


Wool Industries Research Association, Torridon, Headingley, Leeds, England 
Received October 11, 1948 


INTRODUCTION 


The mechanism of D.C. conduction in partially swollen polar polymers 
has been the subject of speculation for some time. Marsh (1), following 
earlier investigators (2,3,4,5), favored the pore theory of conduction sug- 
gesting that, in the case of a wool fiber swollen by water, the electric 
current follows water channels in the fiber. Baxter (6), however, showed 
that, if this was the case, then the adsorbed water must be in a totally 
different state from that of free water, as the conduction process has a 
temperature coefficient several times as great as that for conductivity 
water. . 

The presence of such isolated channels of “‘liquid’”’ water is also diffi- 
cult to reconcile with present conceptions of the adsorbtion process in 
keratin-water systems (7). Over the greater part of the adsorbtion 
isotherm more than half the adsorbed water is distributed over the avail- 
able low energy sites, the remaining mobile or “liquid” fraction being 
distributed over the occupied sites. Thus, the chance of getting even 
two associated “‘liquid”’ molecules is rather remote, except near saturation 
regains (8) 

Because of the high value of the activation energy of the conduction 
process, and because keratin-methy] alcohol systems gave results similar 
to those for keratin-water systems, Baxter suggested that these con- 
duction processes might be electronic. Alternatively, Fuoss (9) has sug- 
gested that the conducting process in such systems is ionic, and that the 
presence of a plasticizing agent facilitates the diffusion of ionizable im- 
purities originally present in the polymer. This theory is supported by 
recent work in our laboratories on D.C. conduction in nylon-water and 
nylon-formic acid systems (10). It has been shown that the increase in 
conductivity per mole of adsorbate is greater in the latter case, when 
the more powerful swelling agent is adsorbed. 

Recently, O’Sullivan (11) has shown the movement of ion boundaries 
in cellulose impregnated with various salts for water contents as low as 
10%, using methods previously developed for gelatin gels. He was, how- 
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ever, unable to obtain a quantitative relation between the amount of 
electricity passed and the extent of electrochemical change, and could 
only conclude that for these systems the conduction process was chiefly 
ionic in nature. 

It has been noticed in previous work on the electrical resistance of 
keratin-water-KCl systems, that, when the water content is high, and a 
relatively large direct current is passed through the system for some 
time, a slight but appreciable decrease in water content is obtained (12). 
O’Sullivan also mentions the liberation of gas at the electrodes during 
some of his experiments. These phenomena suggest that electrolytic de- 
composition of the adsorbed water occurs during the passage of the 
current. In the present work, this property of the keratin-water system 
has been investigated and a quantitative analysis of the evolved gases 
has been made. 


EXPERIMENTAL 
1. Apparatus 


The general lay-out of the apparatus is shown in Fig. 1. The principles 
involved in its use follow very much along the lines of those developed by 
Langmuir (13) and others. In order to simplify procedure, vacuum stop- 


Fic. 1. Apparatus used. 


cocks lubricated with silicone vacuum grease were used in place of mercury 
cut-offs, and gave no trouble within the range of pressures measured. 
The apparatus was made of soda glass throughout, each section being 
washed in chromic acid and distilled water prior to final assembly. 
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The greater part of the system was housed in an air thermostat which 
could be maintained at either 20.5°C. or 41.5°C. The water reservoir 
and freezing trap, E, was maintained at either solid carbon dioxide or 
liquid air temperatures but this was found to have no appreciable effect 
on the pressure readings, the volume of E being a very small fraction of 
the total volume of the system 

The electrode system, A, was similar to that used in previous work (4). 
The horn films used were washed in distilled water for 24 hr. and then 
coated with ‘‘Aquadag.’”’ The electrodes were of platinum foil and the 
whole was clamped between brass plates. 


2. Occluded Gases 


It was not possible to heat the keratin sample to a sufficiently high 
temperature to ensure the removal of all occluded gases. The use of soda 
glass also made it impossible to ensure that such gases would not be 
evolved during the course of the experiment, over and above any electroly- 
sis effects. The major fraction of these gases is evolved during the time 
water vapor is being adsorbed by the keratin, 7.e., about 24 hr., and can 
only be taken into account by performing a ‘‘blank’”’ analysis without 
electrolytic action taking place. During such a series of runs it was 
found that, at first, a relatively large amount of gas was evolved (meas- 
ured with E surrounded by carbon dioxide paste), but after a few repeti- 
tions the pressure fell to a roughly constant value of about 0.015 mm. 
Hg., as measured by the McLeod gauge, M. Any evolution of gas occuring 
during the period of analysis was neglected, the time interval being of 
the order of 2 hr. 

Finally, it should be mentioned that any possible evolution of gas 
due to heating of the keratin by the passage of the electric current was 
tested for by passing an equivalent alternating current through the sample 
with negative results. 


3. Test Analysis 


A preliminary test of the analyzing procedure was made by investi- 
gating the combustion of hydrogen and oxygen. Commercial hydrogen 
was passed through the system via Ts and trapped between Ts and T; at 
atmospheric pressure. In a similar manner, the space between T; and T, 
was used as an oxygen reservoir. The remainder of the system was then 
evacuated for 24 hr., after which a small quantity of hydrogen was 
introduced and adjusted to a suitable pressure with the mercury in the 
Toepler pump T brought up to a fixed reference point S and with T, open 
and E surrounded by liquid air. The hydrogen was then pumped into the 
combustion chamber B, and the procedure repeated using oxygen (in 
excess). After sparking the mixture in B, the remaining gases were re- 
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turned to the system via Ty and the final pressure read off. Typical results 
are shown in Table I. 
TABLE I 
Test Combustion of Hydrogen and Oxygen 


eee Sa—<—wawaoaom 


Initial Hs pressure Initial O2 pressure Final O2 pressure Combined O2 pressure 
mm. Hg mm. Hg mm. Hg mm. Hg 
0.100 0.120 0.073 0.047 
0.170 0.150 0.062 0.088 
0.220 0.181 0.070 0.111 


The results are given in the form of pressures as measured, which are, 
of course, proportional to the corresponding mass of gas at constant 
volume and temperature. The results deviate by about 6% from theo- 
retical requirements. 


4. Electrolysis 


About 1 cc. of freshly distilled water was introduced into E, and, by 
alternate freezing with carbon dioxide paste under vacuum, and thawing, 
any remaining dissolved gases were removed.*The keratin sample was 
then passed through a series of sorption-desorption cycles until the 
residual gas pressure reached a low value, after which the final water 
content of the sample was adjusted to a suitable value, generally not less 
than 15%, at the temperature of the thermostat. Then, after equilibrium 
had been established, T; was closed and E surrounded with carbon 
dioxide paste, when the residual gas pressure was measured. 

A direct current was then passed through the keratin, the value being 
noted at regular intervals of time by means of a calibrated microammeter. 
The readings generally varied between 0.1 and 0.03 ma., the applied 
voltage being adjusted in steps from about 10 volts to 60 volts during 
the course of the experiment in order to maintain the current within 
these limits. The quantity of electricity passed was determined by 
graphical integration and was of the order of 0.2-0.5 coulombs. 

After the passage of a suitable quantity of electricity, T; was opened 
and the new pressure measured with E surrounded with carbon dioxide 
paste. The non-“permanent” fraction of the gas was then removed by 
immersing E in liquid air and the new pressure determined. This free gas 
was pumped into B, sparked, and returned to the system, the change in 
pressure being noted. The gas was then returned to B together with a 
measured quantity of oxygen (in excess), sparked once more and the 
pressure of the remaining gas measured. This was repeated using excess 


hydrogen and, after again measuring the final pressure, all the residual 
gas was pumped away. 
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By replacing the liquid air surrounding E by carbon dioxide paste 
once more, the condensible fraction of the liberated gas was released and 
its pressure was measured. In all cases, it was found to be equal to the 
initial value determined by difference, which indicated that the above 
combustion processes had only produced water and that no carbon 
monoxide was present initially. The above form of analysis was then 
repeated but without combustion taking place either with hydrogen or 
oxygen, suggesting that this fraction consisted chiefly of carbon dioxide. 


TABLE II 
Analysis of Occluded Gas Evolved 


Non-permanent 


Nitrogen Oxygen gas (CO: ?) 
per cent per cent per cent 
50 15 30 
60 20 20 


In order to correct for the small amount of occluded gas initially 
present, two approximate analyses were carried out on ‘“‘blank’”’ runs and 
the mean of these used, Table II. 

The corrected partial pressures of the constituent gases evolved 
during the passage of the direct current are given in Table III. The values 
have been reduced to those obtaining at 20°C. 


TABLE III 
Analysis of Gas Evolved during Passage of Direct Current 


Water Quantity Total pres- 
Eat buses content electricity sure as arene Src) viowon 
2G; per cent coulombs mm. Hg. mm. Hg. mm. Hg. mm. Hg. 
1 20.5 16 0.26 0.100 0.070 0.005 0.030 
2 20.5 20 0.37 0.150 0.106 0.010 0.038 
3 41.5 18 0.51 0.208 0.140 0.012 0.050 
4 41.5 15 0.33 0.136 0.098 0.008 0.031 


5. Estimate of Quantity of Electricity Passed 


According to Table III, simple electrolytic decomposition of the 
adsorbed water does not occur. However, assuming that hydrogen is 
the only electropositive gas evolved, one can still make a quantitative 
estimate of the amount of electricity passed. In this respect, the volume 
of the apparatus available to the gas during the pressure measurements 
is required, and this was estimated by measuring pressures with and 
without the known volume V connected, and applying Boyle’s Law. 

Thus, the mass of hydrogen liberated during each run was estimated, 
and from these values the corresponding values of the respective quanti- 
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ties of electricity passed were obtained. The estimated values are com- 
pared with the measured values in Table IV. 


TABLE IV 
Electrochemical Action and Quantity of Electricity Passed 


Quantity Pressure Quanity Q. Calculated 
Bertno, | gemiely,  | Tae | GROSS |G Menoured 
coulombs mm. Hg. coulombs per cent 
1 0.26 0.070 0.230 88 
2 0.37 0.106 0.345 93 
3 0.51 0.140 0.455 89 
4 0.33 0.098 0.318 96 


DISCUSSION OF RESULTS 


It will be seen that, according to Table IV, the amount of hydrogen 
liberated is electrochemically equivalent to the amount of electricity 
passed through the system. The results obtained have been limited to a 
range of water contents of 15% and over. This restriction has been im- 
posed by the necessity of keeping the time of electrolysis as short as 
possible to minimize errors due to the evolution of occluded gases. How- 
ever, the relation between the amount of electricity passed and the cor- 
responding electrochemical action shows no appreciable trend with re- 
spect to the water content of the keratin and should remain constant over 
much wider limits. 

From these results it is reasonable to assume that D.C. conduction 
in the keratin water system takes place by ionic migration. Furthermore, 
as will be shown in Part II of this paper, the D.C. conduction phenomena 
associated with the keratin water system are common to other polymer 
adsorbate systems which suggests that all such conduction processes are 
of an ionic nature. A conduction mechanism based on this principle is 
discussed in the following section of the paper. 


SUMMARY 


It has been shown that, when a direct current is passed through a 
keratin film containing at least 15% water, then the amount of hydrogen 
present in the gas evolved is always electrochemically equivalent to the 
amount of electricity passed. This is assumed to confirm the ionic nature 
of the conduction process. It is suggested that this is true of all such 
systems. 
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Il. THE INFLUENCE OF TEMPERATURE AND ADSORBED 
SALTS ON THE D.C. CONDUCTIVITY OF POLAR 
POLYMER ADSORBATE SYSTEMS 


G. King and J. A. Medley 


Wool Industries Research Association, Torridon, Headingley, Leeds, England 
Received October 11, 1948 


INTRODUCTION 


A preliminary report (1) on D.C. conduction in swollen polymer sys- 
tems has indicated that there exists a close correlation between conduction 
relations and associated plasticizing phenomena. This factor, together 
with the conclusions reached in Part I of this publication, suggests that 
Fuoss’ conception of the D.C. conductivity as ionic migration facilitated 
by plasticizing processes appears to be essentially correct (2). 

The origin of the ions is uncertain. Impurities in the polymer play a 
large part, for it is often possible to increase the electrical resistauce to 
a great extent by electrodialysis, and alternatively to decrease the re- 
sistance by impregnating the polymers with salts (8, 4). The swelling 
agent may also contribute some ions. 

The present work extends previous investigations of D.C. conduc- 
tivity-sorption relations to the polymers keratin, nylon, and gelatin, using 
water and formic acid as adsorbates. The effect of adsorbate concentration 
on the temperature coefficient of D.C. conduction has been investigated 
and also the effect of impregnating some of the polymers with salts of high 
and low dissociation constant, such as potassium chloride and magnesium 
sulphate. It is shown that these conductivity relations are analogous to 
those for solutions of electrolytes in solvents of low dielectric constant. 
Bjerrum’s (5) relation between the dielectric constant and dissociation 
constant is shown to describe the phenomena fairly quantitatively. 


EXPERIMENTAL 


Most of the conductivity measurements were made on graphite-coated 
polymer films clamped between electrodes and placed in a sorption system 
situated in an air thermostat which could be controlled at 25°C. or 40°C. 
as required. The general arrangement was identical with that used in 
previous dielectric constant measurements (6). 

Specimens of keratin and nylon required, free from excess electrolytic 
impurities, were electrodialyzed (after coating) for 24 hr. between plat- 
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‘num electrodes which were separated from the film surfaces by pieces of 
filter paper through which distilled water was allowed to flow. The current 
density was maintained at about 0.5 ma. /cm.2. It was found that not 
only was the conductivity of the polymers decreased, but that more stable 
conductivity measurements were possible at low adsorbate concentrations 
when using these specimens. Gelatin films were electrodialyzed between 
layers of gelatin hardened with formalin, but were coated subsequently. 

One keratin specimen was impregnated with potassium chloride, and 
one with magnesium sulphate by steeping in a solution of the appropriate 
salt for several days, followed by washing in distilled water to remove 


ai 


LOG. OF SPECIFIC CONDUCTIVITY OHM.’ CM. 


KERATIN (UNDIALYSED) 


KERATIN (DIALYSED) 


3 
O° 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 20 
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Fie. 1. Conductivity sorption relations at 25°C. 


2.2 


excess salt on the surface. The amount of adsorbed salt was estimated by 
repeated washing of the specimens in distilled water and measuring the 
conductivity of the washings. About 2% of either salt (estimated on the 
dry weight of the keratin) was adsorbed in each case. Gelatin films were 
prepared from sols. 

Owing to the extensive range of conductivities to be measured and 
the accompanying dielectric and electrolytic polarization effects, a variety 
of methods was used in this work. At low concentrations, over the range 
10~-10-" mhos, conductivities were obtained by observing the rate of 
decay of charge on a Lindemann electrometer, after an initial delay suffi- 
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Fic. 2. Conductivity sorption relations at 25°C. 


cient to allow the dielectric polarization to subside. Electrode guard rings 
were used to prevent surface leakages. 

At higher conductivity values of about 10-°-10-* mhos, a sensitive 
d’Arsonval mirror galvanometer was employed in conjunction with suit- 
able resistances and shunts. In this range, electrolytic polarization effects 
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Fia. 3. Relations between sorption and logarithmic temperature 
coefficients of conductivity. 
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become apparent while dielectric effects show a rapid rate of decay and 
the initial galvanometer readings may be used. 

In the range 10-*-10-? mhos, electrolytic polarization develops so 
rapidly as to demand methods of measurement capable of quick response. 
In this case, a Wheatstone bridge was used, employing a Lindemann elec- 
trometer as null point indicator. 

The conductivity-adsorbate relations as measured at 25°C. are shown 
in Figs. 1 and 2, and the corresponding temperature coefficient-adsorbate 
relations are shown in Fig. 3. 


DIscussION 
1. Results 


The conductivity-adsorbate relations are of a similar type for all the 
polymers and adsorbates used, formic acid being more effective in increas- 
ing the conductivity than water. In agreement with the results of Marsh 
and others, small amounts of KCl greatly increase the conductivity in 
the case of the keratin-water system. The addition of MgSO, does not 
affect the keratin-water relation until relatively large water concentra- 
tions are reached, and this is also true of the result of electrodialysis in 
that it does not effect a reduction in conductivity except at the higher 
water concentrations (Fig. 1). 

The temperature coefficients of conduction (Fig. 3) are shown to be 
greatest at low adsorbate concentrations, falling away to less than half 
this maximum value as the concentration of the adsorbate is increased. 
In the case of the gelatin-water and nylon-formic acid systems, the poly- 
mers will ultimately dissolve in the adsorbate so that the conditions will 
approach those for conduction in a solution for which the adsorbate 
becomes the solvent, and where relatively low temperature coefficients 
obtain. Both the nylon relations differ from the other polymers in showing 
values of temperature coefficient as much as 50% higher than the rest at 
low adsorbate concentrations. 


2. The Conduction Process 


If we compare the conductivity-adsorbate relations with the corre- 
sponding diffusion relations in the case of the keratin-water system, one 
finds that in both cases these are of a logarithmic nature, but whereas 
in the former case, a range of about 105 is possible between water conten 
trations of 6% and 18%, the range of diffusion coefficient is less than 
10? (7). It would, therefore, seem that the enormous conductivity range 
cannot be explained as entirely due to a reduction in the resistance of the 
polymer lattice to ionic migration, although this must have some notice- 


able effect analogous to the viscous restraint experienced in the case of 
conduction in liquids. 
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Conductivity-adsorbate relations of a similar nature have been ob- 
served in the case of borate and silicate glasses containing large amounts 
of dissolved oxides of alkali metals. In these latter instances, the increased 
conductivities have been associated with a reduction in the ionic dissocia- 
tion energy due to an increase in the dielectric constant of the system 
caused by the presence of the polar adsorbate, an increase in dielectric 
constant from 4 to 12 corresponding to a change in conductivity of the 
order of about 10® (8). 

The close relation between the D.C. conductivity and dielectric con- 
stant of swollen polar polymers has been stressed previously (1), and it 
would seem that the plasticizing action not only facilitates ionic migra- 
tion but also the ionic dissociation of electrolytes in the polymer, through 
a rapid increase in dielectric constant of the system. This finds support 
in that O’Sullivan has shown that bi-bivalent electrolytes, such as cal- 
cium sulphate, which are not highly dissociated in dilute solution in 
water, show abnormally low conductivities in cellulose-water systems (4). 

In the case of electrolytes in solvents of low dielectric constant, Fuoss 
and Kraus (9) have adequately described the variation in dissociation 
constant (and therefore the D.C. conductivity) with change in dielectric 
constant by applying Bjerrum’s treatment of ionic dissociation (5) to the 
problem. Following Fowler and Guggenheim (10), the results of this 
theory may be briefly restated as follows:— 

For small concentrations of an electrolyte in a medium of dielectric 
constant D the fraction, a, of associated ion pairs is: 


eee eel en 2), 
ura f 4rr*-exp (aE) dr, (1) 


N+ is the total number of ions of each type in a volume V. 
z is the ionic valency (the ions are assumed to be equivalent). 
e is the electronic charge. 
k is Boltzmann’s constant. 
T is the absolute temperature. 
a is the closest distance of ionic approach. 
q is the closest distance of approach for free ions. 


where a < 1. 


When the condition a «1 fails, a may be obtained by treating the 
distribution as one of dissociation equilibrium between associated ion 
pairs and free ions. This takes the form, 


Frat ef. 
( a) -N = fi fi : (2) 
a fii 
where f;, f;, and fi; are the partition functions for the free ions and the 
associated pair, respectively. Only configurational factors can contribute 
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to this ratio and it can be shown that 


ih =) V [ fee: ( aera) ante | 4 hee (3) 


if the electrostatic forces due to the distant ions are ignored, and other 
factors remaining constant, the conductivity will vary as (1 — aq). 
: ‘ ee 
The integral has been evaluated as a function of (oer) over 
a comprehensive range, so it is possible to determine the relation between 
(1 — a) and D after choosing a suitable value for ‘‘a,” the mean ionic 
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Fic. 4. Theoretical dissociation sorption relations. 


diameter. Now in the case of D.C. conduction in a salt-impregnated 
polymer the major part of the conduction must be due to the transport of 
ions of the adsorbed salt, and we may look upon this system as a solution 
of this salt in the swollen polymer, so that Bjerrum’s theory should give 
a rough description of the conduction phenomena if ionic dissociation is 
the controlling factor. 

The above treatment was applied to the keratin-water-potassium 
chloride system and the resulting relation between logy (1 — a) and the 
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molar water concentration is shown in Fig. 4. The dielectric constant- 
adsorbate relations used were those obtained previously for the keratin- 
water system at a frequency of 10‘ cps (6). The parameter “‘a”’ was taken 


as 3.1 A, the ionic distance in the potassium chloride crystal lattice, > as 
the molar salt concentration in the keratin multiplied by Avogadro’s 
number, and 7 = 298°K. It is seen that, between the water concentra- 
tions of 0.1 and 1.1 moles/100 g. keratin, a linear relation is obtained, 
after which the salt approaches complete ionization and logy (1 — a) 
tends to zero asymptotically, which explains the bend found in the con- 
ductivity relations at these concentrations. The slope of the linear portion 
of the logiy (1 — a) relation is less than for the experimental conductivity 
curve shown in Fig. 1. It could be increased by using a smaller value of 
the parameter ‘‘a”’ or by using dielectric constant values measured at a 
lower frequency (zero frequency preferably) when the dielectric constant 
increases more rapidly with water concentration (11). This latter factor 
will be discussed later in the paper in the section on ionic hydration where 
it is suggested that the lower values used are more suitable, in which event 
one must ascribe the smaller slope of the theoretical relation as due to 
the fact that no account has been taken of the increased restriction of the 
polymer lattice to ionic migration at lower water concentrations. 


Effect of Increasing Valency of Ions 


A relation between logiy (1 — a) and the molar water concentration 
in keratin has been determined for the case when the impregnated salt 
is the bi-bivalent electrolyte magnesium sulphate, assuming a mean ionic 
radius of 3.35 A (12). The resulting relation Fig. 4 shows that the salt 
cannot modify the conductivity of keratin until the water concentration 
is of the order of 1.3 moles/100 g., which is in complete agreement with 
the observed results shown in Fig. 1. 


Conductivity Relations for Different Polymers and Adsorbates 


The gelatin-water conductivity relations are very similar to those for 
keratin-water systems, no doubt due to the similarity in the correspond- 
ing dielectric constant relations (11). In the case of the nylon-water 
system, a more rapid increase in conductivity is obtained with increased 
water content. This is also shown by the corresponding logio (1 — a) 
relation shown in Fig. 4, which was determined for a mean ionic radius of 
3.1 A and using dielectric constant relations measured at 10‘ cps. (6). 

The logio (1 — a) relation for the keratin-formic acid system is also 
shown in Fig. 4. The slope is steeper than the corresponding keratin-water 
relation as found experimentally. In this system, the experimental curves 
not only show an increased slope, but much higher conductivity values 
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both for nylon and keratin than those for the corresponding water systems. 
This will be partly due to the more effective plasticizing effect of the 
formic acid on the polymer lattice, but also due to increased dissociation 
of the formic acid itself at the high dielectric constants available for these 
adsorbate concentrations. 


Temperature Coefficient of Conductivity 


A change in temperature affects the value of logio (1 — @) both di- 
rectly and also indirectly through the corresponding change in dielectric 
constant, the latter effect being by far the more important. To examine 
this, dielectric constant relations for keratin-water and nylon-water 
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Fic. 5. Effect of temperature on dielectric sorption relations. 


systems were determined experimentally at temperatures of 25°C. and 
40°C. by methods previously described (6). They were limited to the 
lower adsorbate concentrations due to the increased power loss effects 
experienced at the higher temperature making further readings difficult 
The results are shown in Fig. 5. They reflect the thermoplastic nature of 
nylon as compared with keratin for low water concentrations, in that 
the temperature coefficient of the dielectric constant at dondtant ad- 
sorbate concentration is greater in the former case. Using the dielectric 
constant relations measured at 40°C. the corresponding relations for 
logio (1 — a) were determined and are shown in Fig. 4. The temperature 
change has a greater effect in the case of nylon as was found experi- 
mentally for low adsorbate concentrations Fig. 3. The restrictive effect 
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of the polymer lattice to ionic migration must also be more sensitive to 
temperature change in the case of nylon due to this temperature-plasticiz- 
ing property, and will assist the above effect. At high adsorbate concen- 
trations, as one approaches complete dissociation, a change in dielectric 
constant is less effective in altering the conductivity and the temperature 
coefficient will fall. 


Hydration of Ions 


In the above description of the conduction mechanism, no mention 
has been made of the possible reduction in the value of the effective 
dielectric constant below the corresponding macroscopic value, due to 
the saturation effect experienced in the presence of strong ionic fields (13). 
-To some extent, this has been allowed for by employing dielectric constant 
values determined at relatively high frequencies. According to Guggen- 
heim (14), however, in the case of ionic solution, the effect is corrected 
for by the association of the positive ions and the solvent molecules. 

In the present instance, where we have swollen polar polymers, it is 
possible that the ions may become associated with the adsorbate mole- 
cules, and, indeed, this has been suggested as an explanation of the trans- 
port of water during the passage of D.C. currents through clays (15). 
However, in the case of nylon polymers, it is possible to increase the 
dielectric constant and D.C. conductivity over a wide range by an in- 
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crease in temperature alone. Both these relations are available in the case 
of polyhexamethylene sebacamide (16), so it is possible to apply Bjer- 
rum’s treatment to this system also. This has been done using a value of 
3.0 A for the parameter “a,” and using the dielectric constant tempera- 
ture relation for a frequency of 10? cps. (Fig. 6). 

The excellent fit between logio (1 — a) and Baker and Yager’s 
temperature-conductivity relation for polyhexamethylene sebacamide 
suggests that the equilibrium between free ions and ion pairs is not criti- 
cally dependent on the hydration factor. “Solvation” of the ions on to 
polar groups in the polymer will not affect the conductivity since such 
ions become immobile. 


SUMMARY 


The D.C. conductivity of polar polymer adsorbate systems has been 
measured for the polymers keratin, gelatin and nylon over a wide range 
of adsorbate concentrations, using water and formic acid as adsorbates. 
The effect of temperature changes and the presence of impregnated salts 
in the polymer has also been investigated. On the assumption that the 
conduction process is ionic in nature, it is shown that Bjerrum’s relation 
for ionic dissociation gives an adequate description of the conduction 
phenomena. 
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INTRODUCTION - 


Studies on the pharmacological action of depressants and stimulants 
(8, 9, 10) led us to the conclusion that depressants gelate, whereas 
stimulants solate, protoplasm. If the artificially produced gelation of 
protoplasm is reversible, the quiescent condition may be regarded as 
a state of anesthesia. Irreversible gelation or solation results in death. 

Both reversible gelation and solation occur frequently during the 
normal activities of protoplasm. 

The irreversible solation of protoplasm may be produced in lower 
organisms by stimulants (10). When produced by caffeine, the phenom- 
enon is a striking one to observe; complete collapse of cellular organiza- 
tion takes place. The reversible gelation of protoplasm is accomplished 
by a variety of anesthetic agents (8). Irreversible gelation is produced 
by many poisonous substances which cause death. 

Our studies on the effects of anesthetic agents on protoplasm included 
a large number and variety of agents, among them nitrous oxide, carbon 
dioxide, cyclopropane, cold, heat, and shock mechanically and electrically 
produced, all of which, without exception, reversibly gelate protoplasm. 
We had given little attention to substances which solate protoplasm, 
other than salts. Once the extraordinary effects of caffeine and other 
xanthines had been observed, the stimulation and solation of protoplasm 
became an intensive study. All xanthine derivatives studied stimulate, 
and all liquefy protoplasm (10). As a result of this work we developed 
an hypothetical graph in which the physiological state of the protoplasm 
served as abscissae, and the state of protoplasmic aggregation as ordinates 
(Fig. 1). The purpose of the present article is to present this curve, to 
add further proof of its validity, to correlate certain pharmacological 
and normal physiological activities with colloidal changes, and to consider 
the several possible states of molecular aggregation which exist in normal, 
gelated, and solated protoplasm. 

1 The authors wish to express their indebtedness to the Sloan-Kettering Institute and 
the Cancer Commission of the University of Pennsylvania for financial support. 
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MATERIAL 


The living material on which the foregoing and the following observa- 
tions were made is the plasmodium of the Myxomycete or Mycetozoan, 
Physarum polycephalum. This primitive organism is a non-cellular, multi- 
nucleate, relatively undifferentiated mass of protoplasm, commonly 
referred to as a slime mold. Its dual technical name indicates its plant 
and animal characteristics. 


EXPERIMENTAL 


Having advanced the general rule that stimulants solate and depres- 
sants gelate protoplasm, we sought further evidence in support of the 
hypothesis. Opiates next occupied our attention. The concentrations of 
the solutions varied with the desired magnitude and rapidity of action. 
Morphine sulphate of 0.04 M concentration disrupts protoplasm quickly. 
The first sign of injury is immediate, and death follows in 10-15 min. 
Lower concentrations of 0.01-0.02 M produce injury, but it is delayed. 

To our surprise, morphine and heroin had a remarkable dispersing 
effect on protoplasm, similar to that of caffeine. The fluidity of the 
protoplasm is greatly increased, disruption of normal flow is rapid, and 
complete collapse follows, resulting in an outpouring of the protoplasm 
into large abnormal surface vesicles. The whole effect closely parallels that 
caused by the xanthine derivatives. 


SOL 
STIMULATION 
DEGREE OF 
DISPERSAL 
ANAESTHESIA 
DEATH 
GEL 


PHYSIOLOGICAL STATE 
Fia. 1. 


The action of morphine and heroin appeared to contradict our theory, 
illustrated in Fig. 1, that stimulants, such as caffeine, solate, and de- 
pressants, such as nitrous oxide, gelate protoplasm. The seeming con- 
tradiction rested, however, on a misconception, namely, our belief that 
morphine is a depressant. In a sense, and to a limited degree only, this is 
true, for morphine. is described as analgesic, sedative, and a respiratory 
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depressant. The same is said of heroin. As solation is the mark of a stimu- 
lant, we sought in medical literature for some substantiation of morphine 
as a stimulant. It was possible that the opiates function as does alcohol, 
first stimulation, then depression. The result of our search in the literature 
outdid our hope in regard to the possible stimulating effects of the opiates, 
for we read that “the phenanthrene alkaloids have both depressant and 
stimulating effects on the central nervous system” (5). On reading further, 
it was soon obvious that the stimulating effects of morphine and heroin, as 
indicated by the solation of protoplasm, are more characteristic of these 
alkaloids than are their depressing effects. The action of morphine on 
muscle is one of stimulation, resulting in contraction. Convulsions are 
produced by codeine to an even greater extent than by morphine. The 
effect of heroin on the central nervous system is one of excitation. Heroin 
is taken by the addict for euphoric stimulation long after tolerance to the 
depressant effect has been established. Animals clearly show the excita- 
tory effects of morphine. In some, ‘‘this alkaloid causes almost pure 
stimulation, convulsions, and death by exhaustion’’; in certain species, 
morphine causes mania and tonic spasms which last many hours and 
often end fatally (5). 

From these quotations it is evident that morphine and its chemical 
relatives are highly stimulating, depression being a less frequent and a 
secondary result. That morphine should liquefy protoplasm is, then, to 
be expected, and experimentation showed this to be true. The graph in 
Fig. 1 is, therefore, in full agreement with known normal and pathological 
behavior. 

The graph presents 5 major regions which depict normal, pathological, 
and lethal states of protoplasm. Stimulation lies to one, and depression 
to the other side of the normal condition. The graph terminates with 
death by solation at one end, and death by gelation at the other end. 
The central, normal region represents the great range in degree of fluidity 
through which active protoplasm may go. Obviously, the 5 regions grade 
imperceptibly into each other. 

It is not our intention to extend the foregoing hypothesis further than 
the stimulation and depression of protoplasm caused by drugs, but the 
idea may have wider applicability. This is indicated by the work of 
Karrer (6), who suggests that the electric stimulation of muscle may be 
correlated with the thixotropic behavior of gels, 2.e., with thixotropic 
solation and thixotropic gelation. Karrer’s interpretation of muscular 
activity is supported by Freundlich (3) who made much of thixotropy 
in biological reactions. 

There is one feature of drug action which must constantly be borne in 
mind; it is well illustrated in the response of organisms to alcohol and 
ether. Many substances first stimulate and then depress, or they are 
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stimulants in mild doses and depressants in heavy doses. Thus, a feeble 
electric current may activate protoplasm, as in the case of muscle, whereas 
a heavier current will depress or anesthetize protoplasm, as in the case 
of some experiments on slime molds (11). 


THEORY 


Protoplasm, in passing from one degree of fluidity to another coinci- 
dent with changes in physiological state, must inevitably undergo changes 
in the degree of aggregation of its molecular or colloidal units. The 
primary structural units of protoplasm are fibrous protein molecules, or 
molecular aggregates of these, oriented and interlocked in such a way 
as to give to the active living substance both the elasticity and the 
fluidity of a soft jelly (4, 9). The physical state of the various degrees of 
colloidal aggregation, and the kinds of bonds existing between the struc- 
tural units, are problems of as much significance to the study of proto- 
plasm as they are to the study of elastic proteins, rubber, and polymers 
in general. 

Numerous hypotheses of aggregation have been advanced in explana- 
tion of the solation and gelation of colloidal jellies. The interlocking of 
protein fibers is the basic mechanism of most of them. The micelles of 
Naegeli give no hint of structural continuity. The parallel alignment of 
molecular chains into grids, as postulated by Astbury (1), makes for 
rigidity, but not fluidity. Bungenburg de Jong (2) introduced the coacer- 
vate concept, which he thought best illustrates the physical state of many 
colloidal jellies, of muscle, and of protoplasm. The chief virtue of a coa- 
cervate as a model of living matter is the delicate balance existing be- 
tween the forces of solvation and those of dehydration. But there is 
another feature of the living and non-living jellies which more truly 
represents the structural basis of sol-gel transformation: it is the continuity 
in structure which gives to protoplasm and to non-living jellies the 
fluidity of a sol and the elastic rigidity of a soft gel. 

The colloid chemist may see in a coacervate the molecular mechanism 
which permits sol-gel transformation, and the protein chemist may regard 
denaturation as responsible for the change. In the latter case, the solation 
of protoplasm may be due to a loosening or a destruction of the lateral 
bonds of proteins, or to a complete cleavage of the protein chains, or, less 
likely, a curling or folding of molecular fibers, all of which mechanisms 
will partially or fully set free previously interlocked molecules. Increase 
in the viscosity of protein solutions is used as a criterion of denaturation. 
Without denying coacervation and protein denaturation as mechanisms 
involved in changes in protein fluidity, we believe that a better picture of 
what is happening in the sol-gel transformations of protoplasm is to be 
had from present-day concepts of loose, shifting, and fluid bonds. 
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Fibrous molecules, feebly interlocked by side chains with mobile 
bonds, permit flow in a semirigid structure. The nature of these inter- 
molecular ties is the subject of much present-day colloidal literature, from 
the hydrogen bond discussed in full by Pauling (7) to the fluid joint 
postulated for rubber (12). It is these labile unions between linear mole- 
cules which make possible the pronounced, and often rapid, changes in 
the physical state of protoplasm, the sol-gel transformations which 
accompany stimulation and narcosis. 

Whatever the precise mechanism of the sol-gel transformation in 
protoplasm may be, the experimental facts are clear, that there is a cor- 
relation between pathological change and the physical state of proto- 
plasm, that aggregated protoplasm is characteristic of the depressed state, 
and dispersed protoplasm of the stimulated state. Anesthetic agents which 
suppress activity, gelate protoplasm; drugs such as morphine, heroin, and 
the xanthine dervatives which cause stimulation, disperse protoplasm. 
This deduction is to be expected for chemical reactions and, therefore, 
physiological activities are certain to occur at a lower rate in a gel than in 
a sol. This fact is well illustrated in the comparatively dry protoplasm of 
a resting seed, and even better in the so-called sclerotium of the organism 
on which the present research rests. This sclerotium is the resting or 
hibernating protoplasm of a slime mold. It is a xerogel and represents as 
dry and hard a form of living protoplasm as is known anywhere in nature. 


SUMMARY 


Protoplasm undergoes great changes in fluidity during its normal 
activity. This range is increased by pathological conditions. Stimulation 
by xanthines and opiates solate the living substance. Depression or anes- 
thesia by certain drugs and other agents gelate protoplasm. An increase 
in activity is, therefore, correlated with a dispersal or ‘‘relaxing’’ of the 
protein units in protoplasm, whereas anesthesia or suppressed activity is 
coincident with an aggregation or tightening of the interlocking linear 
molecules of protoplasm. Excessive loosening or tightening of the fibrous 
structural units results in death. 
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INTRODUCTION 


Many examples of dilute solutions which show a minimum in the sur- 
face tension-concentration and interfacial tension-concentration curves 
have been reported (1,2,3,4). According to Gibbs’ adsorption Equation, 
the adsorption is proportional to the negative slope of the surface tension- 
activity curve. Where activity coefficients do not change with concentra- 
tion, concentrations may be used instead of activities. On this basis no 
adsorption would be indicated at the concentration corresponding to the 
minimum. Miles and Shedlovsky (5,6,7) have shown the effects of small 
amounts of certain impurities which cause minima in s.t.-concentration and 
z.t.-concentration curves. (To avoid cumbersome repetition, the following 
abbreviations will be used: s.t. for surface tension and 7.t. for interfacial 
tension.) Such curves have been used as a guide to the method for the 
purification of certain mixtures by selective adsorption at air-liquid inter- 
faces (foam) or benzene-liquid interfaces (emulsion). These data may give 
criteria of purity not easily obtainable from the measurement of bulk 
properties. 

It has been suggested (5,6) that both the appearance of minima and the 
concentration at which they appear should be re-examined with regard to 
the presence of small amounts of impurities. Recently, Brady (8) has 
repeated measurements of s.¢. of aqueous solutions of purified sodium 
lauryl sulfate and of lauryl sulfonic acid. 

Tartar and coworkers (9,10) have measured the s.t. and 7.¢. of aqueous 
solutions of sodium alkyl sulfonates. Their s.¢.-concentration curves show 
pronounced minima. For sodium dodecyl sulfonate, they report a mini- 
mum s.t. about 9.3 dynes/cm. lower than the value reached at higher 
concentrations (throughout this report sodium docecyl sulfonate refers to 
sodium dodecane-1-sulfonate.) The sodium sulfonates which they used 
were prepared as described in previous papers (11,12) and analyzed by the 
determination of sulfur by oxidation of the sulfonate to sulfate, followed 
by precipitation and weighing as barium sulfate. Their analyses showed 
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the sulfonate to have a purity within + 0.2%. It will be seen later that 
0.2% of certain impurities may have a considerable effect on the s.t. of the 
solutions. 

It was found previously (5,6) that small amounts of certain impurities 
cause minima in s.t.-concentration curves of sodium alkyl sulfates. In 
order to find out whether the surface active properties of sodium alkyl 
sulfonates are susceptible to small amounts of impurities in a way which is 
analogous to that shown for sodium alkyl sulfates (5,6), we have meas- 
ured the effect of adding certain materials on the s.t. and 7.t. of aqueous 
solutions of purified sodium dodecyi sulfonate. 


EXPERIMENTAL 
Measurement of Surface and Interfacial Tension 


The static s.t. and 7.t. of the solutions were determined by the du Nouy 
method using a hydraulic jack to support the flask. Aging effects were 
found for many of the solutions, particularly in the more dilute range. 
This change was usually a decrease in surface or interfacial tension with 
time. The tension on the ring was set 0.1 dyne/cm. above the previous 
setting and the tension at which the film was ruptured was noted. One 
minute was allowed after each setting. Successive readings were taken in 
most cases over a period of half an hour and the lowest value recorded. 
Usually this half hour period was sufficient to obtain steady readings. 
Many repeated and independent measurements of this kind were made 
and the reproducibility was found to be + 0.1 dyne/em. For the 2.4. 
measurements, the solution of the sodium dodecyl sulfonate was pre- 
pared in distilled water in a 500 cc. Erlenmeyer flask. Benzene was run 
down the side of the flask until a layer approximately }”’ thick covered the 
surface of the aqueous solution. Dilutions were made directly in the flask 
by adding distilled water from an automatic buret, introducing the water 
below the benzene layer by means of a long capillary tube. The solution 
with the layer of benzene was stirred slowly with a magnetically operated 
stirrer so that an emulsion was not formed at the solution-benzene inter- 
face. The static values of 7.t. were obtained for most solutions in about 
half an hour of slow stirring. For measurements at 40°C. the flask was 
immersed in a water thermostat. The temperature of the solution was 
maintained within + 0.2°C. 

For s.t. measurements, a 500 cc. Erlenmeyer flask was used, which had 
the neck paraffined inside and outside. 

In all the measurements, the solutions were kept covered to avoid 
contamination. 

Selective Adsorption in Foam 


Sodium dodecyl sulfate to make 0.01 molal solution was weighed into 
a 500 cc. Erlenmeyer flask and 0.25% octadecanol (sodium dodecyl sul- 
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fate basis) was then added. The octadecanol was introduced by making 
an ethyl ether solution and the ether evaporated by first heating on a 
steam bath and finally by placing the flask in a desiccator under vacuum. 
The inside of the neck of the flask was paraffined after the ether was 
evaporated. 

A column of foam was prepared from the solution in a cylindrical 
jacketed tube, 46 cm. long and 3.7 cm. in diameter, from another jacketed 
tube placed below the first one. The lower tapered tube was 17 cm. long 
and 2.8 cm. at the widest portion. Filtered air was bubbled through a 
stainless steel perforated cup “‘spinnerette”’ (40 holes, 0.0032 inches in 
diameter) at a manometer reading of 12.0 cm. of water. 

Measurements of s.f. were made on 0.007 molal sodium dodecyl sulfate 
solutions, by dilution of the 0.01 molal solution after it had drained 
through the foam column. Ten minutes was allowed for this drainage. 

In this case, dilutions were made directly in glass stoppered dishes 
(5.5 em. diam.). After the s.t. had been determined, the dishes were 
stoppered and the solutions allowed to stand overnight at room tempera- 
ture. 

The foam was somewhat unstable and, therefore, approximately half a 
column of fresh foam had to be formed after each foam extraction due to 
coalescence and appearance of gaps in the column after drainage. 


Selective Adsorption in Emulsion 


A 0.006 molal aqueous solution of sodium dodecyl sulfonate was emul- 
sified with benzene by vigorous stirring for 10 min. with a magnetic 
stirrer. One volume of benzene to two volumes of aqueous solution were 
used. Fifty cc. of the lower aqueous solution layer were withdrawn with a 
pipet, and transferred to a clean flask. Fresh benzene was added and the 
z.t. determined after aging for 2 hr. without stirring. 

Materials. The sodium dodecyl sulfate was prepared according to the 
method described by Dreger and coworkers (13), and then recrystallized 
from methyl alcohol and extracted with diethyl ether. 

The sodium dodecyl] sulfonate was prepared! by a slight modification 
of the procedure outlined by Reed and Tartar (11). Dodecanol (b.p. 132- 
135°C. at 3.5 mm., n?»; 1.4410) which was obtained by fractional distil- 
lation of lorol (commercial mixed alcohols derived from coconut oil fatty 
acids) was converted into 1-bromododecane by the method of Kamm and 
Marvel (14). 

To a solution of 85 g. of sodium sulfite in 500 cc. water, 119 g. of 
1-bromododecane was added, and the mixture placed in a liter stainless 
steel rocking bomb and heated at 180°C. for 7 hr. After cooling, the 


1 The authors wish to express their appreciation to Dr. J. F. Gerecht of these labora- 
tories for the preparation of this compound. 
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reaction mixture was removed, the crude sulfonate collected on a Buchner 
filter funnel and the filtrate discarded. The crude solid was washed twice 
with 1 1. portions of diethyl ether by slurrying with the solvent. It was 
then filtered and dried in a vacuum desiccator over calcium chloride. The 
dry powder was treated with 2 1. of hot 95% ethanol and the inorganic 
salts removed by filtration. The crystals of sulfonate which separated from 
the cooled filtrate were collected on a Buchner funnel and washed with 
diethyl ether. The yield was 84 g. This material was fractionally recrys- 
tallized from 2300 cc. of 95% ethanol, giving a total of 65 g. of sodium 
dodecyl sulfonate. 

The water was collected directly from a Barnstead still and was free 
from surface active materials. 

The benzene was C. P. grade. 


RESULTS 


Portions of the s.¢.-concentration curves for sodium dodecyl] sulfonate 
where the solution was at 27°C. and 40°C. and for sodium dodecy] sulfate 
at 27°C. are shown in Fig. 1. At 27°C., neither the sulfonate nor the sul- 
fate show any minimum. 

An equimolar mixture of sodium dodecyl sulfate and sodium dodecyl 
sulfonate does not show a minimum in the curve (Fig. 1), and gives values 
intermediate between those for the sulfate and sulfonate. 

Fig. 2 shows the effect of added materials on the s.t. of solutions of 
sodium dodecyl sulfonate. Curve A represents the data for the sulfonate at 
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Fic. 1. Surface tensions of solutions. O, sodium dodecy] sulfonate at 27°C.; ©, at 40°C. ; 
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29°C., showing the relatively flat portion up to 0.02 molal, and Curve B 
at 40°C. Points (1) and (2) are obtained after foam extraction of solutions 
which originally had surface tensions indicated in Curve. B 

Curve C (Fig. 2) indicates the effect of adding sodium hexadecyl sulfate 
and D, E, and F are the curves for the sulfonate with 0.05, 0.10, and 
0.50% dodecanol (on the sulfonate basis) added, respectively. The dotted 
curve T corresponds to the data for sodium dodecyl sulfonate reported by 
Tartar and coworkers (9,10). 
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Fic. 2. Surface tension of solutions of sodium dodecyl sulfonate and effect of addition 
of dodecanol and sodium hexadecyl sulfate. (A) Sodium dodecyl sulfonate at 29°C. 
(B) Sodium dodecyl sulfonate at 40°C. Points (1) and (2), after foam extraction. (C) 
Sodium dodecyl sulfonate + 1% sodium hexadecyl sulfate (on sulfonate basis) at 29°C. 
(D) Sodium dodecyl sulfonate + 0.05% dodecanol (on sulfonate basis) at 26°C. (E) 
Sodium dodecyl sulfonate + 0.10% dodecanol at 27°C. (F) Sodium dodecyl sulfonate + 
0.50% dodecanol at 30°C. (G) Sodium dodecyl sulfate at 27°C. (T) Sodium dodecyl 
sulfonate at 40°C. (From data of Tartar, Sivertz and Reitmeyer (9).) 


Curve A (open circles) of Fig. 3 represents the 7.t. of sodium dodecyl 
sulfonate (fourth crop of crystals) solutions against benzene. The half 
shaded circles (Curve A!) represent the values for solutions of the sulfo- 
nate (third crop of crystals). Addition of 5% dodecanol (sulfonate basis) 
to solutions corresponding to Curve A! (third crop of crystals) gave 
essentially the same curve as A’. If a 0.006 molal solution (Curve A!) 
of sodium dodecyl sulfonate (7.t. of 4 dynes/cm.) is extracted with 
benzene, an 7.t. of 5 dynes/cm. is obtained and this is slightly above the 
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value for Curve A at this concentration. It appears from Curves A and A! 
that the third crop of crystals contains a very slight amount of impurity 
which is removed in the fourth crop. 

Curve B of Fig. 3 shows the pronounced effect on 7.1. of the solution of 
the sulfonate to which 1.3% of sodium hexadecyl sulfate (solids basis) had 
been added. The lowest value obtained in this case is 2.4 dynes/cm. at 
0.0025 molal as compared with the lowest value of 4.7 dynes/cm. at 
0.006 molal for the purified sulfonate. 

A 0.004 molal solution of sodium dodecyl! sulfonate plus 1.5% of sodium 
hexadecyl sulfate with an 7.é. of 2.2 dynes/cm. was extracted with a 
benzene emulsion (1 volume of benzene to 2 volumes detergent solution). 
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Fic. 3. Interfacial tension (water/benzene) of aqueous solutions of sodium dodecyl 
sulfonate with dodecanol or sodium hexadecyl sulfate added at 25°C. A = sulfonate 
(fourth crop of crystals); A! = sulfonate (third crop of crystals); B = sulfonate + 1.3% 
hexadecyl] sulfate (solids basis). 


This extracted solution had an 7.t. of 6.3 dynes/cm. After standing for 
20 hr., the value obtained is 5.8 dynes/cm. On the basis of measurements 
of the electrolytic conductivity of the solutions for the above extractions 
with benzene emulsion, the bulk concentration of the sodium dodecyl 
sulfonate decreased by about 2% which is quite an insufficient change in 
concentration to explain the rise in 7.¢. of 3.6 dynes/cm. 


Discussion 


' Tartar and coworkers (9) report pronounced minima in s.t.-concentra- 
tion and 7.t.-concentration curves for solutions of sodium dodecyl and 
sodium tetradecyl sulfonate. For example, for 0.009 M solutions at 40°C., 
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they find a s.t. of 24.1 dynes/em., whereas, at 0.02 M, where the 
curve tends to flatten out, the le reaches 33.6 dynes/cm. It appears, 
from our investigation, that such minima may be attributed to the pres- 
ence of as little as 0.2% of certain impurities, as reported in previous 
papers (11,12). 

In our work, for 0.009 M solution at 40°C., the s.t. is 36.9 dynes/cm., 
and, at 0.015 M, the value is 38.6 dynes/cm. The relatively small dip in 
our curve at 40°C. (Figs. 1 and 2B) may be attributed to a minute con- 
tamination since it can be eliminated by selective adsorption in foam 
(Fig. 2, Points 1 and 2). Our curves (Fig. 1) at 27°C. and (Fig. 2A) at 29°C. 
do not show any minima and this is taken as an indication of the absence 
of impurities of the type of dodecanol in our preparation. 

Reichenberg (15) emphasizes that minima in the s.t.-concentration 
curves should not be expected if the materials used are pure, and also 
adopts the explanation proposed by Miles (6) for the shape of the curves 
with minima. For example, with solutions of sodium dodecyl sulfonate 
(Fig. 2) or the corresponding sulfate containing relatively small amounts 
of dodecanol (6), the dodecanol is much more strongly positively adsorbed 
than the sulfonate or sulfate up to the concentration of the relatively flat 
portion of the curve. This is in accord with the fact that, in this range of 
concentrations, dodecanol can be removed from solutions of the sulfonate 
or sulfate by foam fractionation. At higher concentrations in the flat 
portion of the curve, dodecanol is not selectively removed in the foam. 
This means that the dodecanol is no longer positively adsorbed, and this 
can be attributed to the solubilization of the dodecanol. 

The comments of Reichenberg (15) with regard to the work of C. 
Robinson (16) on 7.t.-concentration curves with minima, and of Powney 
and Addison (1), however, do not seem to be supported by the available 
data. In our work with pure sodium alcohol sulfates (13) and sulfonates, 
the presence of small amounts of inorganic salts does not cause minima to 
appear in the s.t.- or 7.¢.-concentration curves. In the cases discussed by 
Reichenberg (15), it is probable that the minima in the curves reported by 
C. Robinson (16) and Powney and Addison (1) are primarily due to 
impurities such as higher homologs or alcohols present in the detergent or 
introduced into the solutions in some other way and not due to traces of 
salts present in distilled water. For s.t.- and 12.t.-concentration curves, 
Miles and Shedlovsky (5,6) have shown examples of a quite different 
salt effect, where the inorganic salt is added in relatively large amounts 
(20 times the amount of the detergent). 

A comparison of the effect on the s.é.-concentration curve of the addition 
of dodecanol to solutions of the pure salts shows that for the same amount 
of dodecanol added, the sodium dodecyl sulfonate gives much lower sur- 
face tensions covering a greater range in concentration than for sodium 
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dodecyl sulfate. For example, for the sulfonate with 0.5% dodecanol 
added (Fig. 2F) for 0.01 M of the sulfonate, the s.t. is 22.6 dynes/cm., 
for 0.02 M it is 29.5 dynes/cm., whereas for the sulfate (5), at 0.01 M with 
0.5% dodecanol added, the s.t. is 35.5 dynes/cm. This difference in be- 
havior could be due in part to a larger degree of solubilization for the 
dodecanol by the sulfate than by corresponding concentrations of sulfo- 
nate. At present, no comparative solubilization data are available for 
these materials. 

In Fig. 2, the minima in the s.¢.-concentration curves approach a value 
somewhat less than for water saturated with dodecanol, which has a s.t. of 
24.4 dynes/cm. at 27°C. For sodium dodecyl sulfonate plus 0.10% dodec- 
anol at 27°C., at 0.008 M (Fig. 2E) the solution has a s.t. of 22.5 dynes/em. 

From Fig. 1, we have seen that equimolar concentrations of sodium 
dodecyl sulfate and sulfonate do not show a minimum in the s.t.-concen- 
tration curve. In Fig. 2C, for sodium dodecyl sulfonate plus 1.0% sodium 
hexadecyl sulfate, the curve is shifted toward much lower concentrations 
than that for the pure sulfonate, and shows a minimum about 5 dynes/cm. 
below the relatively flat portion of the curve. The s.t. of solutions of 
sodium hexadecyl] sulfate (13) is considerably lower than that of sodium 
dodecyl sulfonate and the s.t.-concentration curves are similar to those 
reported for mixtures of sodium alcohol sulfates (5). The same explanation 
given previously could apply here, namely, that the lower part of the 
curve is due to a salt effect of the sodium dodecyl] sulfonate on the sodium 
hexadecyl sulfate. 

It appears that for s.t.-concentration curves of mixtures of sodium 
dodecyl sulfate and sulfonate where the polar groups are different, no 
minimum in the curve is obtained. The length of the paraffin chain anion 
is greater for the sulfate than for the sulfonate which is in accord with the 
considerably lower surface tensions obtained for the sulfate up to concen- 
trations above 0.009 M (Fig. 1). At concentrations above 0.009 M the 
difference in s.t. is only slight. On the other hand, when the difference in 
the length of anions is increased sufficiently, minima in s.t.- as well as 
7.t.-concentration curves are obtained for mixtures of sodium alcohol 
sulfates as shown previously (5,6,7), as well as for sulfonate plus sulfate 
(Fig. 2C). 

SUMMARY 


The surface tension-concentration curves of sodium dodecyl sulfonate 
at 27°C. and 40°C., and the interfacial tension-concentration curve 
(water/benzene) at 25°C. have been determined. For purified materials, 
these curves do not show minima. It is demonstrated that this is another 
example where the data in the previous literature with pronounced 


minima in the corresponding curves can be attributed to certain impuri- 
ties. 


TENSION EFFECTS OF IMPURITIES 33 


The surface tension-concentration curve for equimolar mixtures of 
sodium dodecyl sulfonate and sulfate does not show a minimum. This 
mixture has quite different surface properties from those of mixtues where 
the hydrocarbon chain lengths are different, such as sodium dodecyl 
sulfonate and sodium hexadecyl sulfate which show pronounced minima. 

The effect on the surface tension-concentration curve of adding dode- 
canol to solutions of sodium dodecy] sulfonate has been shown. 

The minima in surface tension-concentration and interfacial tension- 
concentration curves for sodium dodecyl sulfonate solutions containing 
impurities may be eliminated by selective adsorption of these impurities 
by foam extraction or emulsion extraction at concentrations of detergent 
at or near the minimum in the corresponding surface tension or interfacial 
tension curves. 
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MATERIAL INHOMOGENEITIES OF COLLOIDAL DIMENSIONS 
AS CAUSE OF THE EFFEcT 


The most important details on the historical development of the 
diffuse small-angle scattering of X-rays have already been reported. ! 
It suffices to say that the discovery of the effect in itself is due to Krish- 
namurti, Mark and Hengstenberg, and Warren and Hendriks (8), whereas 
the quantitative interpretation has been initiated partly by Guinier (4) 
(scattering by individual particles), and partly by one of the authors (5) 
(scattering by a close packing of particles). In addition to a series of in- 
vestigations carried out by these two authors and their collaborators 
during the subsequent period (6,7,8,9,10,11), some interesting papers 
by Hosemann (12), Fankuchen, Mark, Jellinek, Riley and Ruess (13), 
as well as the comprehensive reviews by Donnay, Shull and Nowacki (14) 
may be mentioned. Lately, papers by Bauer (15), Shull and Roess (16) 
have been presented. 

This paper is intended to give, without adhering strictly to the his- 
torical course of the development, a rough outline, chiefly of our own 
investigations, which will be followed by the new conceptions and 
experiments. 

The first problem to be treated will be that of the causes of the effect. 
They may be of manifold nature; confining ourselves to coherent and 
diffuse } scattering of X-rays under very low angles, as far as it is not due 
to the phenomenon of total reflection, we may mark material inhomo- 
geneities of colloidal dimensions as the general cause of the effect. 

The small-angle scattering produced by a single colloid particle, e.g., 
a very small crystallite, can easily be understood from the example of a 
one-dimensional model. Considering a row of equidistant points of total 
length 1 with the incident beam normal to its direction (Fig. 1), the zero 
order of diffraction will have decreased to intensity zero at an angle 


1 The appearance of very large identity periods in crystals, or fibers of micellar struc- 
ture, leads to sharp low-angle reflections which are not within the scope of this paper. 
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23 2 where 
= [-sin 20. 


Hence the extension of the low-angle scattering range depends only on 
the quotient /1, i.e., with fixed 4, on the length J of the scattering object. 
This is only slightly modified by an irregular distribution of the diffracting 
centers along the row J. With a sufficiently great number n of scattering 
points, the intensity of the diffracted rays will practically (although not 


Fic. 1. 


exactly) have decreased to zero for the first time with the same angle 20, 
for in this direction n coherent waves will superpose, the phase differences 
of which are distributed statistically over the range from zero to one in 
the same way as the scattering centers are distributed along the row l. 
It is easily understood that, with n not too small, the superposition 
actually leads to the amplitude zero with the said angle. 

Both these cases, 7.e., the strictly periodic and the statistical distribu- 
tion, differ only slightly, as far as the phenomenon in question is con- 
cerned, from a third case in which scattering elements are distributed 
uniformly and continuously along the distance 1. Here again the ampli- 
tude (and the intensity) will have decreased exactly to zero when 


23 = arc sin x. 

There is one more case of some interest for the following: a region of 
definite electron density p is imbedded in another one of much greater 
(infinite) extension and of different electron density po. It is easy to see 
that the “background” causes no scattering of its own, and that only 
the difference (p — po) is of inference for the small-angle scattering. 

In principle, the above statement may be transferred also to a 3- 
dimensional particle. In the course of the study of low-angle scattering, 


2 Further on, we shall always denominate the angle of deflection as 238, conforming 
to the habit used in crystal analysis. 
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it has actually become usual to consider the scattering matter as dis- 
tributed continuously and uniformly in the above sense (‘‘smeared out”’). 
The justification of this way of proceeding has already been proved in a 
satisfactory manner by Guinier (4). 

The existence of small-angle scattering, therefore, points (if total 
reflection is excluded) to material inhomogeneities of colloidal dimensions, 
and the resulting problem is to employ the effect for a qualitative and 
quantitative description of the colloid system. The theoretical treatment 
usually starts with composing the waves scattered by the volume-elements 
of a single particle, the variability in size, shape, and positions of the 
particles relatively to the beam causing the variety of the problem. 

The second step is to carry out the superposition of the scattered 
intensities due to the single particles. It may become necessary in this 
step to take into account also mutual interference of the waves scattered 
by the single colloid particles. Such consideration leads, on grounds which 
will become evident at once, to. an unconstrained classification of the 
small-angle scattering into three main types: 


(1) “External” small-angle scattering; 
(2) Scattering of “dilute” systems; 
(3) Scattering of “densely packed’ systems. 


I. External Low-Angle Scattering 


What has been said thus far is valid, at first, for a single colloid par- 
ticle only. We succeeded in verifying the noticeable case that, from a 
single particle, a very intensive small-angle scattering could be obtained, 
which was well measurable. This particle has, however, macroscopic 


Fig. 2. 


dimensions in one direction, microscopic ones in the other, and only in 
one dimension colloidal ones. If an X-ray beam falls on a cylindrical 
sample of a strongly absorbing substance, e.g., on a capillary filled with 
mercury, the beam will penetrate only a thin outer segment, one dimen- 
sion of which will be of colloidal order (Fig. 2). Calling D the diameter of 
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the sample, s the half width of the segment, and d its height, the following 


equation is known: 
sd: D. 


In the mathematical treatment, however, we must take into account 
that the lightened layer is not sharply limited, and that the contributions 
of the lower layers decrease because of the increasing absorption. With 
the beam penetrating the segment at level d, we find for the scattered 


amplitude 
A x 2Qse—#*. 


It is easily seen that this is the case of a linear body with variable scatter- 
ing power which is given by the above expression and has a maximum 


at.s* = 1/".0n,d* i= Introducing the ‘‘characteristic penetrating 


is 
wD © 
range” d*, as unit length, and calling the relative lengths « = d/d* and 
y = s/s*, we obtain the resulting amplitude as 


A= iP 1Vre—-Ve*dzx, c= = ge sin d. 
0 

The intensity is given as the square of the modulus of the amplitude.. 

Since the exact evaluation of the said integral seems impossible, a me- 

chanical procedure has been employed, giving the theoretical Curve 1, 

Fig. 3. 

As may be seen at once, the agreement with the experimental points 
is satisfactory. (The experimental curve has been adjusted to the theo- 
retical one by a linear transformation of coordinates.) From the theo- 
retical curve, we get, for the absorption of mercury, 


= 108 in A 
Ei ae Ain A, 


which is a surprisingly large value. This seems to suggest that the phe- 
nomenon of external small-angle scattering is chiefly due to great wave- 
lengths, as only these may penetrate a sufficiently thin segment. Dis- 
cussing the result, we must consider that this can be regarded only as a 
rough estimation, as the experimental curve has been taken with poly- 
chromatic light. Investigations with monochromatic light are being 
carried out for further evidence. At any rate, our explanation is supported 
by the good agreement between the forms of the experimental and the 
theoretical curve. 

The high absorption coefficient, as well as the smallness of the effective 
region suggest that a very thin layer of different material (e.g., of occluded 
wax or anything of this kind) might be chiefly responsible for the effect. 
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To test this concept, the theoretical curve for a uniformly thin lamella 
was calculated (Curve 2, Fig. 3). Comparison shows that it does not 
satisfy the experiment nearly as well as the assumption of a scattering 
outer segment. Comparing the two curves (after adjusting to match their 
points at ¢ = 4), we may infer that the thickness of the lamella would 
have to be as low as d = 11.6 A, which value seems difficult to under- 
stand, from a physical point of view. 


Fig. 3. External small-angle scattering from mercury-filled capillary. 1 = theoretical 
curve for outer segment of cylinder; 2 = theoretical curve for lamella (surface layer); 
OOO = experimental points. 


We would suggest the name “External Low-Angle Scattering” for 
the phenomenon, because it depends on the éxternal shape of the whole 
sample. It seems important to know the effect in itself, as it will always 
be found with strongly absorbing samples and might cause misunder- 
standings. In this connection, a phenomenon may be pointed out which 
seemed difficult to understand, at first. It is important, in taking low- 
angle X-ray graphs, to confine the beam by means of metal edges giving 
as low as possible a small-angle scattering themselves. It is found, then, 
that the steepest edges are best, although, as may be seen from Fig. 4, 
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the possible scattering volume is of course larger than with obtuse ones. 
Obviously, however, the leading rdle is played-by external small-angle 
scattering and this is noticeable only in obtuse edges. However, the actual 
circumstances are certainly more complicated than is expressed by Fig. 4, 
as the edge will never be exactly sharp, but soméhow rounded off. It will 
be understood that, with obtuse angles, this pernicious region is more 
difficult to control than with sharp ones. 


Fia. 4. 


In some cases, a practical application of the external low-angle scatter- 
ing may be thought of, e.g., the measuring of very thin surface layers the 
electron density of which differs noticeably from that of their substratum. 
We may expect the effect also when the absorption is weak, and it is not 
material whether the layer or the substratum be of greater electron 
density. 


II. Low-Angle Scattering of Dilute Systems 


We shall call those systems dilute in which the distances between the 
individual particles are irregular and great as compared with the dimen- 
sions of the particles themselves. Here, the intensities due to the indi- 
vidual particles add, no doubt, in precisely the same way as in a gas (6). 
For the case of uniformly sized and shaped particles, we have only to 
carry out the summation over all possible situations in space. 

As has been shown (8,1), the scattering effect of particles composed of 
spheres can easily be calculated by applying Debye’s theory of the 
scattering function of the molecular gas. In previous papers, a series of 
scattering curves of this kind have been calculated so that a further 
detailed discussion may be saved here. In any case, the application of 
Debye’s theory is generally advantageous for all bodies the shape of which 
may reasonably be approximated by composition of equally sized spheres. 
In particular, the remarkable result may be recalled that is given by an 
infinite row of spheres, i.e., a straight-line composition of spheres. Such 
particles (which must, of course, be imagined as randomly situated to the 
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X-ray beam) give scattering curves with peaks whose situations yield the 
diameter of the spheres. In several proteins, this type of particle seems 
to come about through association of several globular bodies, and has 
been proven to be that of hemocyanine by one of the authors (9). Theo- 
retical attempts by Jordan, as well as the very important results of Szent, 
Gyorgy and Straub (18), and Astbury e¢ al. (19) on the muscle protein 
actin, suggest that this type of particle occurs frequently in the chemistry 
of proteins. In the said papers the proposition is advanced that globular 
actin may pass to a fibrous form simply by an aggregation of the globular 
particles to fibers. 

In attempting to reduce subtle concepts to the form of the particles, 
the task arises of exactly calculating scattering curves of as many and 
as variegated forms as possible. In previous papers (2,10), three paths to 
this objective have been communicated. The most expedient of these 
depends on the special shape for which the scattering curves are to be 
calculated. In this paper, we shall confine ourselves to a short sketch of 
the methods, referring to the quoted papers for further details.* 

First of all, we can calculate the scattering amplitudes of one particle 
in one definite position, and then average the squares of the amplitudes 
of particles of all possible positions. It appears useful to consider the 
scattering as reflection from a fictitious reflecting plane. This plane has 
the quality that the phase differences between all its points are zero. 
Therefore, we may proceed as though the electron coating of each plane 
were concentrated into one point, thus reducing the problem to the one- 
dimensional case of a rod of varying scattering power which again is 
representible by varying cross-section. Thus we have: 


A« fro cos sldl, 


A = amplitude, 
4n . 
$= = sin d, 
l = coordinate in direction normal to plane, 
with origin at center, 


F = cross-section at l. 


This first step of the calculation yields the scattering amplitude of one 
particle in a distinct position. The actual scattering is the average over 
all possible positions in space. Practically, the calculation is possible only 
in a small number of special cases. For ellipsoids of rotation of axial ratio 

3In a paper by Shull and Roess (34), received since, a method of calculating the 


scattering curves for one special type of particle, 7.e., ellipsoids, is given which is, in its 
chief part, identical with that given by us in 2 and 10 for that type. 
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vy we obtain thus: 


sane. tee iba ep mind ea kh 
en er, 
in = G+ B)\n+ 4(n +6): 


cee 
103! 


9 py! 


i ite, eee 
+ ha ao Ry “ts babar Hy] 


Qysond. ¢=1—ke 


the coefficients k, being drawn from the following recursion formula: 


1 
v< 1 ko = 7:(v? + 2), kn = Tq "+ hn), 
: 2 1 n 
v>tl i= 4 (145), be = (1+ Rhee): 


Fig. 5 shows the scattering curves thus obtained for a series of ellipsoids 
of rotation. 

A second method goes back to the calculation of the scattering by 
accumulations of spheres. It will be seen immediately that a given body 
can be better approximated by spheres the smaller we choose them. At the 
limit of infinitely small spheres, we may consider volume-elements of any 
shape in their place. At the same time, the place of the single sphere-to- 
sphere distances is taken by a distance distribution function ¥(x) which 
defines the scattering behavior. 

The distance functions of three limiting cases may be given as ex- 
amples: 


(a) sphere (x) = 12721 — x)?(2 4+ 2a), 
b) circular disk 16 —— 
(two-dimensional) LS T GANG eee A eo 


(c) rod (one-dimensional) ¥(x) = 2(1 — 2). 


The connection with the scattered intensity is given by 


o(u) = f v(x) he dx, 


! = distance between two points within the particle, 
L 


lI 


maximal distance, 


g=I/L, p= dr © sin 0. 
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Fig. 5. Scattering curves of ellipsoids of rotation; axial ratios v = 1, 2, 3, 4, 6, ©. 
Points ¢ = 3 made to fit by linear transformation of coordinates. 


For the above examples we obtain (Fig. 6): 


(a) sphere $= 3nd ee 


(u/2)$ 
; 8 2 
(ey disi 6= 51-2 aw |, 
(c) rod v2] sip SoS], 
M KM 
31 = Ist order Bessel function, 


Si = integral sine. 


This reduces the calculation of the scattering function to a purely geo- 
metrical problem, 7.e., the deduction of the distance function. The con- 
siderable difficulties cropping up in this may be overcome by extending 


Fic. 6. Scattering curves of sphere, disk, rod. Points ¢ = 7 made to fit 
by linear transformation of coordinates. 
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the above integral to a series. Then we obtain the universal form of the 
scattering function: 


24 4 pe 
o(u) = 1 fray hfege = + sr ac laa cea 8) fe 


in which only the coefficients f, depend on the shape of the particles. They 
have a simple geometrical meaning: 


pe if ‘W(a)arde, 


being the mean values of the 2nd, 4th, etc., powers of the relative distances. 
These characteristic coefficients can be found also without the introduc- 
tion of the distance function, which opens a third way for calculating the 
scattering function. For further details, the reader is referred to the 
above-mentioned paper (11). Suffice it to quote some of the results: 


cylinder (long): 


6 = 2{ 5/2As(o/2) — 1/u | 2400) — 5 1 - Aw) | - 4} 


cylinder (flat): 


= 3 (SEP) + 21): 2 Lolo) — 201(6)] - aw) } 5 


rectangular disks: 


bet 2 nies (7 - aE 


= 4x sin 9, 


c= 4x 2 sin 9, 


Kox ay 5,(z), 


In(a) = f° ands, 
Io —? ir qT, ae Pa 


For cylinders and very long prisms ‘we find, in first approximation: 


1 
ox = g(a), o =4r - sin 0, D = diameter. 


y(c) being a function characteristic for the cross-section which can be 
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written in a form analogous to ¢: 
2 4 n 
ST er EP ey ates 
e(c) Sram t fa (2-4)? a In (2-4---n)? 
The basic function is, in this case, the zero order Bessel function, the 
coefficients f, having the same meaning as before. 
Circular cross-section: g(c) = Ai?(a/2), 


Linear profile (ribbon) : g(c) = h(a) _, 2, 
o 


Q 


Leaflets of very large area give, regardless of shape, 


mds de (= ey. 
o a/2 


Thus we must distinguish three types of particles: 
(a) globular particles 
d= eh. 


(b) rods (prevalent extension in one direction) 
o= rete, 


(c) leaflets (prevalent extension in two directions) 


¢= nen 
The sign = is to mark that the analytical expressions are approximations 
of the types of the scattering curves. 

It seems as though dilute protein were becoming the most important 
scope of application of low-angle scattering. Some experimental data in 
this line have already been presented (8,9,1); they have, however, been 
evaluated on the basis of the theoretical scattering curves of agglomera- 
tions of spheres. While this procedure, in the case of chain-like associations 
of nearly spheroidal molecules, leads to almost the exact scattering curves, 
it seems desirable to investigate cases in which considerable deviations 
from the spheroidal shape of the individual particle occur, on the basis 
of scattering curves that would better fit the supposed forms of the par- 
ticles. This may be done when more experimental information is available. 


III. Low-Angle Scattering of Density Packed Systems 


If the distances between the scattering particles do not exceed their 
dimensions, mutual interference of the waves scattered by the individual 
particles must be taken into consideration. We call such systems densely 
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packed, in contrast to the dilute system in which, because of the great 
and irregular distances of the particles, mutual interference may be 
neglected. 

The nature of the subject implies that all transitions between dilute 
and densely packed systems are possible. We will draw a limit by calling 
a system densely packed in which the mutual interference is just notice- 
able. In many cases, other authors held the view that this mutual inter- 
ference is not to be considered. Guinier’s application of his formulae to 
cellulose (4) tacitly implies this assumption, and it was also put forward 
expressly by Hosemann (11). The view that dense systems required a _ 
consideration of mutual interference was put forward in previous papers 
of the authors (5,7). Subsequently, the influence of this particle-to-particle 
scattering shall be demonstrated mathematically in certain examples, as 
a further support of this view. There are so many possible varieties of 
densely packed systems that a general proof seems difficult to give. We 
shall, therefore, deal with three special cases only, which appeared typical 
to us and which, in fact, seem to rank among the most important cases 
occurring in physical practice: 


(A) The packing of lamellae, 
(B) The bundle of rods, and 
(C) The accumulation of spheres of different sizes. 


Subsequently to this, 


(D) A comparative treatment of the systems (A), (B), (C) will be 
given. 


A. THE PACKING OF LAMELLAE 
1. Justification of the Choice of This Model 


The consideration of this model was suggested by the study of cellu- 
lose. The pursuit of the deformation process of reprecipitated cellulose 
having made clear that the micelles (¢.e., the supermolecular units of 
structure that may be viewed as bundles of cellulose chains) must have 
a leaflet-structure (20), the smallness of the density difference between 
the macroscopic fiber and the actual micelle (the “crystal lattice”) (21), 
as well as the low-angle scattering of cellulose threads of higher orienta- 
tion (7), unreservedly lead to the idea that, within small regions, such 
leaflet-shaped micelles, packed in piles like the sheets of a book, must 
occur also in specimens without higher orientation, e.g., samples of fibrous 
structure. This model was used for a first interpretation of the small-angle 
scattering of cellulose (5). It has been proved that such structures occur 
also in protein fibers, such as silk-fibroin (22) and keratin (23). Recalling, 
on top of all that, that the first leaflet-structured micelle has been found, 
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by Mark and Susich (24), in rubber, we recognize that the packing of 
lamellae obviously is to be considered an idealized model of the super- 
molecular structure of a great number of substances. We would suggest 
the following structure for it: the lamellae lying in a pile like the sheets 
of a book; they must be assumed to vary in thickness statistically, the 
same as their distances from each other. The pile is, however, not infinite, 
but consists of a finite and defined number of single lamellae. 

That variations in natural objects will occur, requires no argument. 
Also, the limitation of the size of the packing may be assumed to meet 
the actual conditions. With cotton fibers, for instance, according to most 
investigators, the histologic structure reaches far beyond the resolving 
limit of the microscope, 7.e., the rhythmical piling of the lamellae will be 
interrupted at times. Despite all this, there is, of course, no doubt that 
the above idea is modified by the existance of the “fringed micelle.’ As 
regards scattering at low angles, however, it should be possible to neglect 
this partial splitting of the crystalline regions in first approximation, for 
these fringed parts will generally, because of their small transverse dimen- 
sions, scatter at considerably greater angles, thus leaving the range in 
question untouched. We may, therefore, consider the packing of lamellae 
the model best fitting our object, in spite of the ideas of fringed micelles, 
transverse covalence chains, etc. 


2. Mathematical Treatment of the Lamella-Packing 


A particularly clear survey of the scattering phenomena is to be had 
by making use of the known reciprocity theorem of optics which states 
that the scattering of the system in Fig. 7a is identical with that of a 


Fia. 7. 


system originating from the first by exchanging matter for empty space 
and vice versa (Fig. 7b, the dotted lines emphasize the fact that the exten- 
sion of the system is greater than shown). The result is a series of parallel, 
very thin lamellae the distances of which are not, however, all equal. For 
the limit of very small fluctuations it will be recognized immediately that 


48 O. KRATKY AND G. POROD 


it would be fallacious to neglect, in this system, the particle-to-particle 
interference and proceed as though only the intensities of the individual 
micelles would add, for the form-factor of the single prismatic micelle gives 
a curve falling from 20 = 0 on, and the superposition of the curves for 
micelles of different thickness must, of course, be of the same type, whereas 
the grid equivalent to the original system leads, at the limit, to a sharp 


eX 
interference at 23 = arc sin 7° 


For an exact treatment of the finite packing of lamellae we shall have 
to line up micelles of varying thickness parallel to each other, the inter- 
mediate lamellae (prismatic interstices) varying as well. Whereas we may 
reasonably assume the fluctuation in thickness of the micelles to follow 
a Gaussian curve, the distribution of the interstices is a more difficult 
problem. If we imagine only the interstices for themselves to be lined up, 
with omission of the micelles, their dimensions are equivalent to the 
problem of dividing a distance L’ into n parts. Assuming, for instance, 
the subdivision to be due to mere coincidence, the distribution will be 
determined statistically. Difficulties arise in deducing the scattering of 
the finite packing of lamellae directly from this consideration. Yet we 
may find some other methods which contain the above assumptions on 
principle, taking, however, a slightly different starting point. A prelimi- 
nary sketch shall be given of three possible ways of treatment as regards 
the assumptions implied in them. 

(1) The fluctuation of the interstices shall follow a Gaussian distribu- 
tion, so that also the central distances of the neighboring micelles show 
a Gaussian fluctuation consisting of the individual fluctuations of micelle 
diameter and interstice. This case has been treated in full by one of us 
(11), and an abstract will be given below. A certain roughness of this 
idea lies in the fact that the Gaussian curve extends to infinity so that 
the central distance would be assigned a certain probability of decreasing 
to zero or even to negative values. With a sufficiently narrow fluctuating 
range, this physically senseless component will become negligible because 
of the steep descent. of the Gaussian curve, but, nevertheless, this cireum- 
stance puts a limit to the half fluctuation range, as compared with the 
mean central distance. Moreover, the idea of the interstices varying about 
one mean value is certainly reasonable for relatively small distances; 
with relatively great distances however (high degrees of swelling) the 
mean distance need not be the most probable one. Here the method re- 
viewed below under (27) is more practical. 

(77) Again, the diameters of the micelles are assumed to vary. Their 
mutual impenetrability is taken into account by choosing for two di- 
ameters d; and db», picked at random, a distribution function of the type 
of Curve 1, Fig. 8. The sense of this proposition is as follows: The mini- 
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mum central distance is certainly given as the sum of the half diameters, 
2(di + dz). In a dilute, infinitely expanded system, all greater distances 
would occur with equal probability (Curve 2). In a finite system, how- 
ever, it is easily seen that a linear decrease from the original value at 
2(di + dz) to zero at distance L is to be expected. Subsequently, we must 
sum all the combinations of micelle diameters. The scattering function 
is then obtained by adding to the mutual interference term the sum of 
the intensities scattered by the individual micelles. The relative amounts 
of these two components of the scattering function depend on the density 
of the whole system. The more dilute the system (the higher the degree 
of swelling), the smaller becomes the interference term. The advantage 
of this method is that the system, with high degree of swelling, passes 
continuously to the dilute system, contrarily to case (7) in which, even 


pe 


Fic. 8. Distance function of two lamellae of thickness d: and d2; 
(1) for finite packing, (2) for infinite packing. 


with very high degrees of swelling, the grid structure (although with 
fluctuations) will never fully disappear. On the other hand, type (72) is 
not quite satisfactory with low degrees of swelling, because the distance 
function in Fig. 8 is too greatly simplified. This is easily recognized when 
considering the special case of equally thick micelles. Then the distance 
function must show (with low swelling degrees) the curling known from 
the structure of fluids (31,32), regardless of all other assumptions. ¢.g., 
the double minimum distance 3(d; + dz) will be realized with more prob- 
ability than the 1.5 multiple, etc. The curling of the distance function 
will, of course, decrease when returning to the general case of varying 
micelle diameters, and the same influence is effected by increasing the 
degree of swelling, 7.e., approaching the dilute system. At any rate, how- 
ever, the error due to neglect of the subtilities of the distance function 
will only diminish the difference from the dilute system. 

(iii) As a model for a fluid, Zernicke and Prins (25) calculated the 
scattering of a one-dimensional object of the following nature: rods of 
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equal length are arranged in a line so as to let the distances of subsequent 
rods be determined by chance. If we substitute micelles for the rods— 
which does not noticeably complicate the calculation—the model corre- 
sponds to the general case mentioned at the beginning, as regards the 
interstices. Further, the nature of this consideration implies that the 
system be infinite. The treatment of this model is possible in close pur- 
suance of the procedure given by Zernicke and Prins; here we shall con- 
fine ourselves to saying that broad maxima appear at angles connected 
with the mean distance of two subsequent micelles (micelle diameter 
+ mean interstice) by about the Bragg equation. We could not content 
ourselves with this model, because it does not imply the two material 
points of our consideration, 7.¢., the varying thickness of the micelles and 
the finiteness of the packing. 

ad (i). In the following we shall give a short review of the exact 
deduction already published (10). We shall consider a system of n micelles 
and interstice-lamellae, taking the latter as the scattering bodies accord- 
ing to the theorem of reciprocity. Calling the mean distance (= micelle 
diameter + interstice) do, and the relative fluctuation of the distance 
between two neighboring lamellae 6, we assume the frequency distribu- 
tion of the distances to obey a Gaussian curve. Then the mean distance 
between the 7th and (7 + k)th lamella must be d, = kdo, with an average 
fluctuation vk. The axis of the packing coinciding with the symmetry- 
axis of the beams, the scattering amplitude of the kth lamella may be 
written: a, = F,e'*#, F, meaning the form-factor which may practically 


be neglected for our objects, and g, = * d, sin 0 the phase difference 
against an arbitrary zero. The resulting amplitude then appears as the 
sum a = )°7 ax, and the intensity as the double sum 


n n—1 
Sic aay = > nF + 2 ey FF x41 COS 1 5 eae 
1 1 


n—l 


+2 >a FF x41 cos Or rsees + FiF , COs gn, 
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in which ¢; is used as the abbreviation for 9.4; — gx. There are many such 
systems within one fiber, and their number is proportional to 1 /n, if the 
number of micelles is assumed to be constant. Neglecting the factors F;, 
as nearly constant and averaging, we obtain the scattering function 


» ies es F ee —_—_——___. 
@=1+ 7 [(m — 1) cos o + (n — 2) cos g2 + --- + 608 Gri] 


Averaging gives, after short rearrangement: 


cos g& = e— (#78?/2) agg ku = k* eos ku, Li=. 01, ke = e- (28/2), 
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For small n, the above formula is well adapted for numerical calculation 


(see Fig. 9). Also the exact summation into one expression is possible, 
but this leads to an inconvenient formula. As shown by Fig. 9, the scatter- 


ing curves are superimposed by waves which become more numerous with 
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Fic. 9. Scattering of a packing of micelles, type (2), 6 = 0.2. 1 = single micelle, 
2, 3, 4 = packing of 2, 3, 4 micelles, ¢1 = small-angle scattering, ¢: = minimum-angle 
scattering, 3-scale for dy) = 50). 


increase in ». Now we must consider that, practically, very short waves 
cannot occur, as they would always be “‘smeared out” by various influ- 
ences (wide slit, irregularities in structure and position of the packings, 
etc.). This justifies the introduction of a smooth average ¢ which is found 
from the deduction as 


" ae 
Pip cos Se? 


b= b+ 7% 


t' 2k _ 1 — cos u Cos 0/2 _ 
VENETO soa Te’ ~~ “Cos 1262/2 — cos u 
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So the partial curves ¢1 and ¢:2 are no longer dependent upon n, although 
the ratio of their compositions is. It may be mentioned that the consider- 
ation of the form factors and the varying thickness of the interstices does 
not cause any material alteration. Irregularities in the orientation of the 
micelles in height, however, may have a considerable influence and must 
therefore be corrected for by a factor H. As has been shown elsewhere, 
H can be put H « 5 at the limit to disappearing fluctuations, thus weak- 
ening the scattering with increasing angle. The essential results of the 
deduction can, therefore, be summed up by saying that the packing of 
lamellae gives two types of scattering: 


(1) a small-angle scattering in the regions of the angles corresponding 
to the mean distance of the neighboring lamellae under Bragg’s law in all 
low orders of reflection, 

(2) a minimum-angle scattering which sets in with a fraction of the 
Bragg angle only (4 or +), and then rapidly increases to high values as 
the angle 23 goes towards zero. 


Let us compare this with the result found after neglect of the mutual 
interference, 7.e., let us proceed as though the intensities due to the single 
micelles would simply add (as has been done chiefly by Hosemann, on 
principle). Then we have simply to superimpose the form-factors of the 
single micelles. Fig. 9 shows the result, and we recognize that there is a 
fundamental difference depending upon the type of curve found under 
consideration of the mutual interference. A neglect of this particle-to- 
particle scattering must needs lead, therefore, to incorrect results. 

ad (i). Let us, at first, consider a system of equally thick lamellae of 
thickness d, which will be our unit length. According to the principles 
developed above, we find the distance function as 


L 
WD =(-d, [yal = 4 - 17 
i 
The share of the mutual interference is then given by 


2 L 
Ya Ca (L — 1) cos pldl 


2 sing 2 cos uw — cos pL trike. 
Bol yo} te See ee w= > dsin v. 


Again, as in the case of (7), the formula consists of one term with a long 
period and one with a very short one, cos nL. On the grounds explained 
above we may neglect the latter. The scattering function is then com- 


posed of the scattering of the single lamella F? = (“aw Z ) and the 
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mutual interference term WY which must be multiplied by (n — 1) = n. 


Introducing the coefficient « = . = a which measures the repletion 


of the space with micelles, we obtain 


6- P(t — 26 t 4 eee =F | i +3e]- 


ie pike 


The first term of this expression is due to the individual particle scatter- 
ing, the second to mutual impenetrability, and the third to the influence 
of the finiteness of the packing of micelles. The first and second together 
correspond to the term ¢; in type (2) and give a fluid-like curve, naturally 
without any periodicity, as nothing of like nature has been taken into 
account at the outset. The minimum-angle scattering is very similar to 
that deduced by the first method, which seems to prove that the effect is 
really rather independent of the structure of the packing. For n> o, 
the minimum-angle scattering converges toward zero. With increasing 
delution, 7.e., « > 0, the scattering curve passes continuously to that of 
the dilute system, 7.e,, ¢ — F?. 

Now we are but left to consider the variation of the thickness of the 
micelles by introducing a frequency-function. Then the mutual inter- 
ference term is given by the integral 


if f H(2)F(2)H(y)F(y)-2-y 


| _ 9, Sin at y)/2 a ake w(x eb y)/2 
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2e 
— 4eXY + 7% (Y? — X?), 
if we introduce the following abbreviations: 
1 : 
2 sole H(a)(1 — cos px)dz, Y = 1 fr He) sin wxdz. 


The assumption made for the frequency function is, within a wide range, 
arbitrary. On practical grounds, we shall assume equal frequency between 
two limits deviating from the mean value by A = + 0.5. Then we obtain, 
by a simple calculation, 


i] sin Au sin wsin Au 
=-/1-—- cos Y= : 
a bu i ; By 44p 


: — 2 
The scattering of the single. micelles gives a mean value of F? = = AG 


The total scattering curve which again consists of a small-angle and a 
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minimum-angle scattering component is then given by the following 
expression: 
2 1 
oe =x — eX + 28 (¥2 — X) = bi +7 oe 


The result is represented in Fig. 10. Comparison with Fig. 9 shows that 
the characteristic features of the scattering curve of the micelle-packing 
have not been touched by our assumption, although this was completely 


Fic. 10. Scattering of a packing of micelles, type (22). ¢1 = small-angle scattering 
for « = 3, 3, 4, 0, ¢2 = minimum-angle scattering for « = }. 


different from that made under (7). The curve of the dilute system, F?, has 
been drawn in this figure (Curve 1) for comparison; it shows an entirely 
different shape. 


3. Dependency of Scattering Intensity on Swelling Degree 
of the Lamella-Packing 


(Test in reprecipitated cellulose) 
An independent way of verifying the above-mentioned ideas about 


small-angle scattering is opened by the study of the dependency of the 
effect on the degree of swelling of reprecipitated cellulose. 
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Starting from the idea that the swelling process increases all distances 
equally, it becomes possible to calculate the dependency of the scattered 
intensity on the swelling. Considering the scattering intensities of differ- 
ently swollen threads, at the same angle 0, the intensities correspond, 
barring other influences, to different points on the scattering curve for 

=. 1. For, as all distances are enlarged in the same ratio, a given swelling 
(e.g., ¢ = 2) causes a certain jigging of the scattering curve in the direc- 
tion of the abscissa, in the ratio 1/q (e.g., 3). Calling the scattering func- 
tion for g = 1 $(#%), the intensity with a given degree of swelling is 
T « (qo). At the same time, a displacement of the micelle-packings has 
taken place in the volume through which the beam is passing. Their 
number has decreased to n/g. Except for the form factor, the dependency 


of the intensity on the swelling is given by T « 7 (090) To consider 


the influence of the varied form factors, we must introduce a special 
assumption. As will be shown below, it is reasonable to consider the 
scattering, in first approximation, as a superposition of micelle-packings 
of different mean micelle diameters (see p. 29), so that to each angle & 
there is one definite parcel with a mean central distance Dy of the micelles. 
The form factor of the scattering interstices is given by 


' — 1 
F2« g’ sin? ( Dodo q q ) ) 
or, considering that the mean distance Dy and the angle 3%) must obey 


eet . The connection between intensity 


Bragg’s law, by F? « q’ sin’ + d 
and swelling degree is then given by 


== 


3 < g sin? (= q ) $(qvo). 

The curve intensity vs. swelling degree is thus determined by the orignal 
scattering curve ¢ and the angle 3 at which the comparative intensity 
measurements were taken. It seems reasonable to take for this the angle 
that corresponds to the most frequently occurring packing of micelles 
(i.e., the value for which the scattering curve multiplied by # has a 
maximum (see p. 31)). As shown by Fig. 11, the agreement between the 
intensity curves found experimentally and the calculated ones is rather 
satisfactory; the curves do, at least, agree in type and have their maxima 
at about the same angle. With smaller degrees of swelling, the increase 
runs almost linear with the swelling, theoretically as well as experi- 
mentally. Asking for the intensity while neglecting the micelle-to-micelle 
interference, we find (with the intensities due to the single micelles at 
each degree of swelling simply additive) that the “dilution” of the micelles 
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can cause only a decrease of the intensity with 1/q, which forms a rude 
contrast to the initial increase (Fig. 11, Curve 2). It is, however, improb- 
able, that with very great swelling degrees the interstices increase uni- 
formly, 7.¢., maintaining the ratios of the central distances of neighboring 
micelles. On the contrary, once they have exceeded a certain measure, 
the central distances will start varying more expressly so that the assump- 
tion of a Gaussian fluctuation about an average value is no longer justi- 
fiable. The actual conditions will be better met by method (7). The 
calculation of the swelling dependency cannot, however, be given in a 


Fie. Oe Reprecipitated cellulose: Scattered intensity vs. swelling degree. 1 = theo- 
retical curve for packing of micelles, type (7), 2 = theoretical curve for dilute system 
type (22). 


general manner, as it depends on the angle at which we measure the 
intensity. Anyway, a discussion on the basis of (77) leads to the fact that 
there is some dependency with 1/q, with greater angles, a behavior similar 
to that of the completely dilute system. In fact, the experimental curves 
are found to approach, for g > 2, the limit of the statistically varying 
packing, or of the dilute system. So we find that an approach to the 
behavior of the dilute system actually takes place only in those regions 
where it is to be expected from the standpoint of mutual interference. 
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With smaller degrees of swelling, experiments are convincing that mutual 
interference prevails in the determination of the phenomena. 

In the following, an attempt shall be made to test whether or not, in 
the case of native cellulose and reprecipitated cellulose, the angular de- 
pendency of the intensity (with fixed swelling degree) might be understood 
from our theory of densely packed systems, too. 


4. The Scattering of the Native Ramie Fiber 
This native cellulose fiber was lightened with a bundle of beams of 
considerable convergence within the plane defined by the axes of the 
fiber and of the bundle, the latter being normal to the axis of the fiber. 


Fic. 12. Photometer curves of the small-angle scattering of ramie-fiber; 
(a) with nickel filter, (b) with cobalt filter. 


This arrangement has proved to be practical for reasons of intensity (26). 
The obtained scattering curves, which are called “‘slit-distorted,”’ are then 
slightly modified as compared with those obtained from a cylindrical 
beam, as has been shown in detail (1). 

The photometer curves of the graphs obtained are shown in Fig. 12. 
According to the requirements of the filter difference method (27) used 
for obtaining monochromatic diagrams, we have made all exposures with 
nickel and cobalt filters, respectively; the photometer curves had to be 
transformed to intensities and then to be subtracted. The result is shown 
in Fig. 13. A quantitative comparison with the above calculations is not 
at once possible. Firstly, it was assumed there that the plane of the 
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lamellae coincides with the axis of the beam, while in our case the planes 
of the lamellae may occupy all positions arising from rotation around the 
axis of the fiber. It may, however, be understood that with lamellae of 
greater width than length, all other positions than those with the beam 
in the plane of the lamellae will effect little influence on the total scatter- 


J 
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Fic. 13. Monochromatic small-angle scattering of ramie. = theoretical curve 
($2, minimum-angle scattering from Fig. 9), OOO = experimental points. 


ing, so that we may compare, in first approximation, with the curve in 
Fig. 9. It ought to be corrected for slit-distortion, whose effect upon the 
curve ¢2 is, however, hardly noticeable. Trying to interpret our results in 
this way, we may say that: 


(a) There is a scattering rapidly increasing toward small angles which 
we would interpret as minimum-angle scattering in terms of the theory 
expounded above. A quantitative comparison gives rather satisfactory 
agreement of the curves in shape (Fig. 13). The following relation is found 

28= 4-103, ,»=1, 
whence we may infer 
do =.61.A, 


v.e., an average for lamella + interstice which may be considered reason- 
able also on the basis of other information, particularly the measurements 
of line-broadening by Hengstenberg and Mark (33). Interpretation under 
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neglect of the mutual interference (Curve 2, Fig. 9) would lead to a 
value of about 200 A, which is certainly much too high. 

(b) The small-angle interferences theoretically to be expected (i.e., 
maxima in the region of the Bragg angle) do not appear. A plausible 
explanation might be given as follows: According to the relation laid 
down on p. 22, the high intensity of the small-angle scattering points to 
smaller packings of lamellae which appear to be limited by their his- 
tological structure. It seems reasonable that the individual packings do 
not yet represent a total average as regards the mean diameter of the 
single micelles, so that each packing may have its small-angle maximum 
at another point. It might be assumed, then, if we consider the slit- 
distortion and the multitude of different positions of the lamellae, which 
also have a flattening influence, that there really results only a uniform 
background, increasing toward small angles. 

This view is supported by the fact that there is, with sufficiently long 
exposure times and thicker beams, a considerable small-angle scattering 
also with greater angles, particularly with those angles for which Figs. 12 
and 13 (Curve 1) already show a slight increase. If we assume, as above, 
that this part of the scattering is to be considered as the superposition of 
numerous maxima, we may deduce a frequency distribution of these 
interferences and, therefore, a frequency distribution of the different 
lamella diameters. We must, however, bear in mind that the interferences 
become crowded as the angle of deflection increases, for the interval of 
-lattice-plane distances covered by a certain range of the half angle of 
deflection, dd, is the larger the smaller is the angle ¢@ itself. This will be 


immediately recognized by forming ae from the equation \ = 2D¢é which 


“holds at least approximately for the position of the single maxima. Differ- 
entiation of this simplified Bragg law leads to 


0 = Ddd + ddD, 
whence we infer 

de oo # 
The range of lattice-planes which has to be assigned to a given interval 
of & is thus found to increase with 1/0?. This crowding of the reflections 
toward small angles implies, of course, that the intensity given by the 
scattering curve for the different values of 3 is not a direct measure for 
the frequency of the D values assigned to them by \ = 2D¢. If we wish 
to obtain such a frequency curve for the different values of D, we obvi- 
ously must plot the scattered energy Jedd belonging to each interval dé 
in the corresponding interval dD: 


Sedd. = SpdD, 
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59 and 3p meaning the intensity for the scattering curve and the “in- 
tensity” of the frequency curve, respectively. Now dD is proportional 


to 1/3? under the above equation, thus 
3p 30?, 


which means that we should have to multiply the 3s-curve by 3 and 
plot the intensity values thus obtained linearly vs. the corresponding 
values of D. Proceeding in this way, we always obtain curves with a 
maximum at D = 60A (5)‘ which agree rather satisfactorily with the 
values calculated from the minimum-angle scattering so that the given 
deduction seems reasonable. 


Fie. 14. Photometer curves of the small-angle scattering of reprecipitated cellulose; 
(a) with nickel filter, (b) with cobalt filter. 


The above deduction | which has been given a long time ago (5) ] 
seems to receive a better foundation from the exact theory of the packing 
of lamellae. 


5. Scattering of Reprecipitated Cellulose (Viscose) 


The experimental set is the same as with the experiments on ramie. The 
evaluation of the photometer curves (Fig. 14) leads to Fig. 15. Comparing 
with ramie, we find two fundamental differences: 


(a) The small-angle scattering at relatively greater angles is more in- 
tense than with ramie, for about one order of magnitude (cf. Figs. 13, 15). 


‘As regards this experimental statement, Hosemann (10), too, agrees with us, 
although drawing completely different conclusions from this fact. 
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(b) The minimum-angle scattering, t.e., the rapid increase towards 
very low angles, is missing. To understand this, we must consider two 
differences in the finer structure. 


First, with reprecipitated cellulose, the interstices occupy a much 
greater percentage of the total volume. Whereas, in ramie, only 2 or 3% 
of the total volume is to be considered as interstices, we have to assume a 
figure of about 15 or 20% in the case of reprecipitated cellulose. Consider- 
ing the interstices as the scattering centers under the law of reciprocity, 
we recognize immediately that we have to expect—ceteris paribus—a, 
scattering about one order of magnitude more intense, with reprecipitated 


\ 
Fic. 15. Monochromatic small-angle scattering of reprecipitated cellulose; 
1 = experimental, 2 = curve multiplied by #. 


cellulose. It can be understood from what has been said above, about the 
swelling dependency of the intensity, that with interstices essentially 
smaller than the lamellae the intensity increases about linearly with the 
interstices (10). 

Secondly, the ramie fiber is of very regular structure, as it has been 
grown by nature in contradistinction to the reprecipitated cellulose in 
which the piling of the individual, leaflet-shaped micelles is a statistical 
effect, determined chiefly by the form of the particles. Hence we have not, 
in the latter case, to expect distinguished groups, 7.e., definitely limited 
packings of lamellae. The packing covers, though less regularly con- 
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structed and with greater interstices, a much wider region. In the case 
of ramie, a space of the order of magnitude of a single micelle already 
causes an interruption of the packing, whereas with reprecipitated cellu- 
lose, because of its much ‘‘spongier’’ structure, the same interspace is, for 
statistical reasons, still of the order of magnitude of the ordinary inter- 
stices and thus does not affect the continuity of the packing. Thus, we 
have to expect a weak minimum-angle scattering with reprecipitated 
cellulose. 

Evaluating the small-angle scattering after the same method as with 
ramie, we also find a curve with distinct maximum at about 80 A. (Fig. 11). 

Here, too, further experiments and theoretical work will have to test 
and complete this first interpretation. 


6. Scattering of Carbon Black 

According to the investigations of Warren (3), Riley (13), Fankuchen 
(13), and others, all sorts of soot give a small-angle scattering. Ruess (13) 
found a maximum at about 20 A slowly decreasing toward higher angles. 
We believe that this may be interpreted as small-angle scattering in the 
above sense, the slow decrease being due, perhaps, to the superposition 
with maxima situated at higher angles. The conception of lamellae, how- 
ever, seems not quite suitable to meet the actual conditions, as the single 
crystallites, according to precise measurements by Ruess, have to be con- 
sidered as about prismatic, of almost equal height and diameter. Thus, 
approximation by spheres or flat lamellae would seem almost equally 
justified. We will, therefore, come back to this object when dealing with 
the aggregation of spheres, below. 

It seems interesting to investigate whether or not there is also a 
minimum-angle scattering with carbon black, 7.e., a second increase of 
the intensity with much smaller angles than those examined by Ruess. The 
experiments so far made by Ruess do not allow for a decision of this 
question. 

B. THE BUNDLE OF RODS 


A very rough consideration has made clear that a bundle of rods should 
give rise to small-angle interferences very similar to those of the packing 
of lamellae. In this paper, we shall omit the exact deduction which is a 
bit complicated, and mention only an experimental result which makes 
clear the typical behavior. Exposing a bundle of myosin fibers to the ray, 
three diffuse small-angle maxima are found besides a minimum-angle 
scattering, as shown by Fig. 16 [from a paper by one of the authors, 
A. 8. Sekora, and H. H. Weber (28) ]. Thus, small-angle scattering and 
minimum-angle scattering are found at the same time. As has been re- 
ported in the said paper, the maxima correspond to “lattice-plane dis- 
tances” of 33, 42, and 66 A. Now, according to the electron microscope 
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Fic. 16. Scattering curve of expanded actomyosin. 


investigations carried out by H. H. Weber and v. Ardenne (29), dissolved 
myosin consists of rods of about 50-60 A diameter. Threads drawn out 
in precipitating show, according to X-ray results, a fibrous structure, 
thus obviously being an aggregation of such particles in parallel arrange- 
ment. The appearance of interferences corresponding to distances of about 
the size of the diameter may be interpretable in two ways: 


(a) the particles of the myosin have “crystallized,” 7.e., they have 
associated to a “super-crystal,” at any rate, to an aggregation in which 
the longish rods are regularly arranged when looked at “edge on.”’ Then 
equatorial interferences might be expected within the range in which they 
are actually found. 

(b) There is no completely regular arrangement; the thread is to be 
considered as a more or less regular bundle of rods. The individual rods 
are of equal diameter, but their mutual distances vary a little. This 
system gives, as can be shown by a consideration similar to that made 
with the packing of lamellae, diffuse small-angle interferences—1.e., such 
as have actually been found—and a minimum-angle scattering which 
starts increasing at 4 or 3 of the angle of the inmost small-angle reflection, 
again in agreement with observation. 

To us, the latter interpretation appears more probable. It abandons 


the assumption of a superlattice (which, in other cases, has been found 
to exist, ¢.g., in that of the tobacco mosaic virus according to Bernal and 
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Fankuchen (30), but is unproved in this case), and gives an unconstrained 
explanation of the minimum-angle scattering. Assuming supercrystals, 
the minimum-angle scattering could be explained chiefly by holes be- 
tween those, but it would then have to lie much more inside than observed. 


C. THE ACCUMULATION OF SPHERES 


It has already been pointed out, when dealing with the packing of 
lamellae, that the neglect of mutual interference may be proved absurd 
by using the theorem of reciprocity. Now the argument might be raised 
against such consideration that the packing of lamellae is a special case, 
as treated by Hosemann and others, and that additional examination 
should be required to decide whether we could not neglect the mutual 
interference with globular particles. The aggregation of spheres seems an 
apt object for this further examination. We shall base the calculation on 
the following assumptions: 


(1) Picking out pairs of immediately touching spheres, we find the 
combinations of a sphere of given diameter with spheres of all other sizes 
determined by the overall frequency of the given diameter. 

(2) All distances greater than the minimum distance between two 
spheres of given sizes (which is the sum of the radii) shall be realized with 
equal probability. The distance function of two spheres of given sizes 
with radii 7; and re, respectively, has then a constant value from that 
minimum distance on (Curve 2, Fig. 8). Thus the wave character of the 
probability curve to which we are accustomed from the structure of 
fluids (31) has not been regarded. 


As concerns this second (not exactly true) assumption, it may be 
noticed that the mere existence of spheres much different in size would 
certainly flatten the waves of the distance function of, say, one-atomic 
fluids. Should this neglect influence our result at-all, then it would be only 
in the way of neglecting a part of the mutual interference. That is to say, 
in our deduction only the mutual impenetrability of the spheres has been 
taken into consideration. The introduction of an exact distance function, 
however, could only increase the mutual interference effect, but never 
weaken it! 


We assume the frequency distribution of the radii of the different 


spheres to be of Maxwellian type: H(x) = = ve”, x = r/ro meaning 
Tv 

the radius expressed in terms of the most frequent radius rp. It is ad- 

vantageous to approximate the form factor of the sphere as suggested 

by Guinier (4): 


US = 
F(z) = Cm re aS 4m ~ sin o. 
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The scattering consists of three components which may be calculated 
separately: 


(1) The scattering ¢o of the single spheres, 7.e., a superposition of the 
intensities which will obviously give a Gaussian curve. 

(2) The mutual interference of all spheres, which must give zero if 
the volume is assumed to be filled at random, none of its parts being 
particularly favored. 

(3) The intensity due to the interferences of those combinations of 
spheres which are excluded by their mutual impenetrability. The share 
of two spheres with radii x and y, respectively, in this term, is then 
given by 
dare. 


3 


Because of its complicated form, the deduction will be given in 
principle only: 
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sy an ies are (Fig. 17). 
The coefficients of the second term may be brought into a more evident 
form by the introduction of an average impenetrability volume Q and 
the coefficient « = =: . Q shall be defined as the sum of all spheres of im- 
penetrability surrounding a sphere on the average. 


io} eo} 2 
Q = Novo up i f (x + y)a2yee—v"'dady = a Nvo. 
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Then we-obtain 
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d = do — OL €f1, 01 = 1.10. 


Fig. 17 shows the resulting scattering curves for several values of «. 
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From this result, it seems to be evident that, also in the case of the 
aggregation of spheres, mutual interference must not be neglected because 
of the density of the packing. 

Returning, once more, to carbon black, we recognize that the behavior 
found by Ruess (13) could be immediately explained as the interference 
of a dense aggregation of spheres. At any rate, there is one common fea- 


Fic. 17. Theoretical scattering curves of the aggregation of spheres at different 
degrees of space-repletion; e’ = 50/7. « = 3, 4, %, 1. 
ture in both interpretations, as aggregations of spheres and as packing 
of lamellae, z.e., that the mean dimension of the sphere of impenetrability 
may be roughly inferred from the angle of maximum intensity under 
Bragg’s law, as has already been assumed by Ruess. 


D. COMPARATIVE TREATMENT OF DENSELY PACKED SYSTEMS 


The above investigations on densely packed systems prove that there 
are fundamental differences from the dilute system. Thus in addition to 
the scattering of the individual particles which will always be present and 
forms, in itself, the scattering of the dilute system, a component appears 
due to mutual interference the intensity of which corresponds to the 


density of the packing. Three effects must be distinguished in this mutual 
interference component: 
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1. The Effect of Mutual Impenetrability. It is due to the fact that no 
central distances smaller than the sum of the diameters of the scattering 
bodies can occur. This effects a diminishing influence upon the scattering 
curve; hence the characteristically small intensities given by fluids at 
small angles (cf. Figs. 9, 10, 17). 

2. The Effect of Regular Arrangement. With a dense packing of any 
kind of particles, certain distances must occur in a particularly distin- 
guished measure, others being highly improbable. There is a certain 
analogy to the structure of fluids in this (quasicrystalline arrangement), 
and therefore the angles of maximum intensity are found to obey Bragg’s 
law. Contrarily to the first effect, this second one need not invariably 
appear. It is favored by uniform size and shape of the particles (cf. the 
packing of micelles). 

3. The Effect of Finiteness. The existence, within a colloid system, of 
definitely limited aggregations of particles of not too great extension gives 
rise to a scattering with still lower angles (‘‘minimum-angle scattering,”’ 
cf. the packing of micelles, Figs. 9 and 10). 


A minimum-angle scattering appears in the calculations of Debye 
(32) ; this is, however, dependent upon the total dimensions of the system 
and moves toward smaller angles as the total extension of the system 
increases, whereas our minimum-angle scattering is, in first approxima- 
tion, dependent only on the size of the individual particle and not on that 
of the whole system (diameter of the packing of micelles or rods). Only 
the intensity varies with the size of the whole system, 7.e., oppositely to it. 

Whereas, with the dilute system, the shape of the scattering curve is 
directly connected with the shape and size of the individual particle, the 
_ scattering curve of the densely packed system gives evidence chiefly of 
the arrangement of the particles and one of their mean dimensions, their 
shape effecting only a secondary influence upon the curve. Indirectly, 
however, clear statements may of course frequently be made as to shape, 
since the type of the system itself is dependent on the form of the particles 
(packing of lamellae, aggregation of spheres, etc.). 

If particles deviating from the ideal spheroidal form are oriented 
(e.g., in the case of a fibrous structure or leaflet-shaped micelles in higher 
orientation—foil structure), their shape may be deduced directly from the 
different scattering behavior of the system with different directions of the 
incident beam. A good example is offered by reprecipitated cellulose in 
higher orientation (7). 


SYNOPSIS 


It is shown that the general cause of diffuse small-angle scattering of 
X-rays, considering only coherent scattering and barring total reflection, 
are material inhomogeneities of colloidal dimensions. Three types are 
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distinguished: External small-angle scattering, scattering of dilute sys- 
tems, and scattering of densely packed systems. External scattering is 
found, e.g., when a beam penetrates only a thin outer segment (or surface 
layer) of cylindrical samples, because of strong absorption. It is to be 
considered as the “small-angle scattering of the single particle.” Small- 
angle scattering of dilute systems is spoken of when the individual par- 
ticles have distances from each other great as compared with their own 
dimensions. The theoretical problem lies in the calculation of the intensity 
scattered by the single particle, and the summation over all angular posi- 
tions, in case of nonspheroidal particles. A short review is given of three 
methods allowing for the exact calculation of the scattering curves for 
differently shaped particles. Low-angle scattering of densely packed sys- 
tems is spoken of when the distances of the particles from each other are 
of the same size as, or smaller than, the particles themselves. Then, 
contrary to the view held by several authors, the mutual interference of 
the waves scattered by the individual particles must be considered. The 
importance of this mutual interference is proved in three examples, 7.e., 
the packing of lamellae, the bundle of rods and the aggregation of spheres. 
A packing (limited in its total extension) of lamellae with varying thick- 
ness and distance, which is certainly realized approximately in many 
natural fibrous substances (cellulose, silk-fibroin, keratin, etc.) leads, 
theoretically, to a flat maximum at about the Bragg angle that would 
correspond to the average central distance of two neighboring micelles 
(small-angle scattering), and furthermore to a minimum-angle scattering 
setting in at still much smaller angles and then rapidly increasing toward 
the primary beam. The dependency of the scattered intensity on the 
swelling degree found experimentally can be interpreted on this basis 
(initial increase proportional to the degree of swelling, maximum with 
swelling of about 100% and slow decrease beyond that), whereas, if the 
mutual interference is neglected, the curves should decrease with the 
reciprocal swelling degree from the very beginning. Data on the angular 
dependency of the scattering in ramie fibers and reprecipitated cellulose 
may be understood from this standpoint. It is assumed that the super- 
position of numerous sharp maxima in the small-angle range leads to a 
slow increase. It is possible, on this basis, to derive a rough frequency 
distribution of the micelle diameters which agrees, on the one side, ap- 
proximately with the values suggested by other measurements, and with 
the minimum-angle scattering found experimentally, on the other. Here, 
again, the interpretation is made with neglect of the mutual interference 
which would lead to incorrect results. Also the measurements of Ruess on 
carbon black might be interpretable in this way. The finite bundle of rods 
suggests similar results. Previous experiments of the authors with myosin 
threads show, at the same time, a.minimum-angle scattering and diffuse 
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small-angle maxima. The interpretation as bundles of rods is discussed. 
Also the mathematical treatment of the- infinite aggregation of spheres 
makes recognizable an influence of the mutual interference in a weakening 
of the scattering with very low angles. 

A comparison of the behavior of all these types of densely packed 


systems shows that, in all cases, the mutual interference causes three 
kinds of effects: 


(1) The effect of the mutual impenetrability of the particles (weaken- 
ing of the intensity with small angles, possibly leading to a maximum 
at medium angles). 


(2) The effect of orderly arrangement (may lead to maxima at about 
the Bragg angles). 


(3) The effect of the finiteness of the whole system (leading to 
minimum-angle scattering, the angular dependency of which gives evi- 
dence of the size of the particles, the intensity increasing with decreasing 
extension of the whole system). 
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INTRODUCTION 


According to the theories initiated by Kuhn (1), and later elaborated 
by himself (2) and others (3), the modulus of elasticity of a rubber-like 
substance at the beginning of ‘elongation is given by 


éo = foRT/M, (1) 


where p is the density of the substance, R the gas constant, 7’ the abso- 
lute temperature, M the molecular weight of one of the elementary 
chains which constitute the network of the substance, and f a numerical 
factor which is equal to 3 in ordinary cases. But it was pointed out by 
James and Guth (4), and independently by one of the present authors (5), 
that there is another theory according to which the modulus is given by 


€) = 3pRTr?/m, (2) 


where \y is the original distance between the two ends of a chain divided 
by the length of the chain, and m the molecular weight of a kinetic unit 
(or an effective link) of the chain. Xo is effectively equal to the natural 
length divided by the greatest stretched length of the sample. Taking 
p=1, « = 10 kg./em.2, T = 300°K., and A» = 1/8, we get m = 120. 
This value for m means that the kinetic unit consists of about 2 isoprenes 
in the case of rubber, and seems plausible. Moreover, the theoretical 
stress-strain relationship and other results explain the experiments fairly 
well. 

But our theory cited above is not completely satisfactory, since the 
orientations of the chains are one-dimensional. The case in which there 
are varying orientations of the chains has been treated by Oti (6), also 
giving the above result (Eq. 2). But the junctions of the network are as- 
sumed to be fixed in space in this theory. The dynamics of the network 
is developed by James (7) on the assumption that the position of one end 
of the chain relative to that of the other obeys the Gaussian law of dis- 
tribution. His result is essentially the same as the above formula (Eq. 2). 
We shall show here another method, which is based on the principles of 
statistical mechanics, making no use of the Gaussian law of distribution. 

vil 
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The results are the same as those obtained by James. Discussion of the 
status of the various theories will be found at the end of this paper. 


MATHEMATICAL THEORY 


Let 72 be the position vector of the a-th junction. The chain connecting 
the a-th and the b-th junctions is composed of Na, kinetic units. These 
kinetic units have various orientations in space. Let nas(w) be the number 
of those kinetic units, the orientations of which are contained in the solid 
angle Aw. If we assume that each kinetic unit can take various orienta- 
tions freely, the number of the complexions of the chain is given by 


Gas = Nap! IL (Aw) > /TI Nar(w) !, (8) 


where 
>, Mar(@): == Nap, » Nar(w)l(w) = To — Ta. (4) 


Here J(w) means the vector which represents the kinetic unit of length / 
and with the direction belonging to the solid angle Aw. Thus, when the 


junctions have the positions 7, T2, +--, Ya, °>*, the number of the com- 
plexions of the network is given by 
@ = Ga. (5) 
ab 


The product is to be taken over all chains. 
Following the usual principles of statistical mechanics, the entropy 
of the network is given by 
S =keln G. (6) 


In the case of thermodynamic equilibrium, G takes the maximum value 
with respect to the variations of nas(w)’s and the positions of the free 
junctions. 

Let us first consider the problem of variation with respect to n.3(w)’s, 
the junctions being kept fixed in space. By the usual method we obtain 


Nab(w) = exp (Nas COS 8 + par) - Aw (7) 


from Kgs. 3 and 4. Here @ is the angle between I(w) and rp — ra, Nav and 
Mab are indeterminate multipliers, being determined by the relations: 


[72 — ra|/(Navl) = coth da — hee 


4m Xp Mas = Navdas/sinh das, ®) 


which follow from Eq. 4. Here 1 = |l(w)|, the length of the kinetic unit. 
When |r. — 1a|/(Navl) K 1, Xa is also small. Thus, we get: 


Nad — 3| Tp x Ya| /(Nasl) + OL| rs 7% idk ane 


Mab = In Nas — dat?/6 + --- (9) 


from the above equations. 


STATISTICAL THEORY OF ELASTICITY 73 
Substituting Eq. 7 in Eq. 6, we get 
S =k {Naln No» — das] 15 — Tol] /l — Neavitar}. (10) 
ab 


The summation is to be taken over all chains. 
This equation takes the form: 


Ss = —kY3\ re — ra|?/(2PNos) + “e8 (11) 
ab 


in the case of Eq. 9, neglecting small quantities. 

Now, in the case of thermodynamic equilibrium, the above quantity 
should take the maximum value with respect to the variations of the 
positions of free junctions. Thus, we get 


LD (a — 2)/Na = 0, (12) 


and similar equations with respect to y and z coordinates. The summation 
is to be taken over the junctions which are connected by a single chain 
to the 7th junction. Here r; means the position vector of the i-th free 
junction. Following James (7), the above equation can be written in the 
form : 
Le Viti = — LD Viele; (13) 
7 a 


where 
vx = DY 1/Na, Vii = —1/Ni;, VYie= —1/Nia (14) 
u49 


Here i or j designates the number of the free junctions, a that of the fixed 


__ junctions, and a or b that which is common to free and fixed junctions. 


By means of Eq. 12, the equilibrium positions of the free junctions are 


‘determined by those of the fixed junctions. The results are the same as 


those obtained by James on the assumption of the Gaussian law of dis- 
tribution of the distance between the two ends of the chain. 

The physical importance of the fixed junctions is such that they 
represent the shape of the sample when it is deformed. Actually, the fixed 
junctions are situated on the surface of the sample. In this sense, it is 
preferable to call them boundary junctions. They are external parameters, 
like the volume in the theory of gases. 

Let the unit cube of a sample be deformed into a rectangular parallele- 
piped, the length of its sides being L., L,, and L,. The coordinates of the 
boundary junctions are changed proportionally to L., L,, and L,. As 
Ec. 3 is linear with respect to z; and za, the free junctions are displaced 
in the same way as the boundary junctions. It is to be noted that this 
linear relation holds only to the first approximation, even in the present 
ideal ease. 
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If the original position of the a-th junction is denoted by the coordi- 
nates £4, 7a, and fa, it is displaced into the position % = fale, Y= Hels 
and zg = ¢alz. The entropy per unit volume can be written in the form: 


S eK a3, 3{ (& we €,) Le ae (ne 7a Na)? Ly? + (fs = 6a)?L.7} /(2P?-Nav) 
ab ‘ 
by Eq. 11, where the summation is to be taken over all the chains con- 
tained in the unit volume. If we take those chains, each of which consists 
of the same number of kinetic units, their orientations in space will be 
distributed uniformly in the original state. Then (£ — £a)?, (m» — 12)”, 
and (¢» — ¢a)? will be replaced by 7as?/3 in the above summation, where 
rap Means the original distance between the two ends of the chain con- 
sisting of Na» kinetic units. Thus S takes the form: 
S = —k(L2 4+ L2+L2) Dd rav?/(22?Nav). (15) 
ab 
Now following James and Guth (3), we take into consideration the 
internal pressure. Assuming the internal energy U(L,L,L.), which de- 
pends only on the volume L,L,Lz, the stress per unit original cross section 
is given by the equation: 
_ aU as 


a . Bie 


Ox ad be Be X tav?/ (PN at) = L,Lz¢, (16) 
where —g means the first derivative of U with respect to L,L,L.z, and 
represents the internal pressure. Similar equations hold with respect to 
the y and z directions. Take the case of a sample stretched uniformly 
along the z-direction by the amount L, = L, the other sides being free. 
If we assume that no change in volume occurs, then L, = L, = 1/VL and 
we get: 
g =kT/L YD rev?/(PNav) 
ab 
from the equations concerning o, and o, similar to Eq. 16. Thus, the ten- 
sion oz becomes 
oe = kT(L — 1/L2) Dd ra? /(P-Nas)- (17) 
ab 

Of course, Eq. 16 refers to the principal axes of the stress and strain. 
We can write the equation in any other system of coordinates. For in- 
stance, using the equilibrium equation for the stress, the difference of 
the internal and external préssures of a thin spherical rubber balloon is 
expressed by the equation: 


2h 
By (lh — 2/4 + 1/A9)/A, 


Ap = 


where 7 is the original radius of the balloon, h its thickness, A the ratio of 
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the radius of the expanded sphere against the original radius, and € is 
the modulus of elasticity defined by Eq. 2. 

If m means the molecular weight of the kinetic unit, and p the density 
of the sample, Eq. 17 is written in the form: 


RT? 
Cea 2 ™m (L a 1/L’), (18) 
where 
NN = Dz, [ros?/(P-Nas) ]. (19) 
ab ab 
Discussions 


(1). Gaussian Distribution. As shown above, it is not necessary to use 
the Gaussian law of distribution of the chains as long as we treat the 
problem as a thermodynamic equilibrium. Gaussian law comes into the 
problem as the fluctuation of the entropy just as in ordinary problems in 
statistical mechanics. This is evident from Eqs. 11 and 6. If we suppose 
that the kinetic units assume the equilibrium configuration but the 
junctions a nonequilibrium one, then the number of complexions G takes 


the form: 
G = exp [— >) 3| 7s — 1a|?/(2PNas) |, (20) 
: ab 


which represents the Gaussian law of distribution of |7, — 72|. In the 
paper of James (7), this law is assumed as a starting point. But it is to be 
noted that this law is the result of the fact that the kinetic units of the 
chain already have the equilibrium configuration. 

(2). Statistical Method. We wish to make a remark concerning the 
method of treating the problem, because some confusion seems to exist. 


_ Here we have applied Boltzmann’s method, the external parameters being 


the positions of the boundary junctions just as the volume in the theory of 
gases. In the sense of Gibbs’ statistical mechanics, the above method 
corresponds to the method of the canonical ensdmble or, rigorously, the 
canonical ensemble at constant strain (or volume in the theory of gases). 
But we can also use the method of canonical ensemble under constant 
stress (or pressure in the theory of gases). In the latter method, the ex- 
ternal parameter is the stress but the strain is variable. Now, when we 
derived Eq. 2, we used the method of the canonical ensemble at constant 
strain just as in the present paper, while the method of James and Guth 
(4) corresponds to the case of the canonical ensemble under constant 
stress. In general, the two methods give the same thermodynamical 
functions. James and Guth seem to believe that their treatment corre- 
sponds to the case of large elongation, but we think that there is no reason 
why their results should not be applicable to small elongations. 
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(3). Kuhn’s Theory. We shall call those theories Kuhn’s which lead 
to formulas of the type of Eq. 1 in the introduction. The characteristic 
point of this theory is that the molecular weight of the chain enters the 
formula. We wish to make clear the difference between his theory and 
ours. 

For the sake of simplicity, we take the case that each chain consists 
of the same number of kinetic units. The factor \? defined by Eq. 18 
becomes 

N = Do rav?/ (VPN), (21) 
ab 


where v means the number of chains per unit volume. 

Now rap is determined by the positions of the boundary junctions in 
the case of the unloaded state. For instance, ra, is the same for all chains 
when the network is of regular cubic lattice (7). If the substance is homo- 
geneous and isotropic in the unloaded state, each chain will be equally 
qualified and r,, will be the same for all chains. Thus, making ra, = 70, 
d takes the form 

A = 7ro/(IN), (22) 
and is equal to Ao in Eq. 2. 

But in Kuhn’s theory there is assumed various kinds of chains which 
have different values of r.,. The number of that kind of chains which have 
the value ras is given by the weight function of the type 


P(ras) = A exp [—3ras?/(22N) ]. (23) 


This number is assumed to be always preserved when the sample is 
stretched or contracted. The sample is, so to speak, an assemblage of 
different kinds of molecules. The summation of ra, in Eq. 21 will then be 
expressed by 


L ra? = vf P(ro)ro'dro/ f P (ro)rordro = ?2N. 
ab 


The tension defined by Eq. 17 becomes 


pkT 1 
=" (b- 4), (24) 


and the initial modulus is given by Eq. 1. 

But, in the present theory, there is no reason to introduce a weight 
function of the type shown in Eq. 22. 7, is determined by the coordinates 
of the boundary junctions in the unloaded state, and it is most probable 
that 7a. is the same for all chains. Indeed, it will be true that the chains 
obey some law of distribution at the moment when the sample is newly 
prepared. However, after a time lapse, in particular, after the elongations 
and contractions were repeated in order to obtain the reversible condition, 
the heterogeneity of the kind mentioned above will disappear by dint 
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of the micro Brownian motions of the kinetic units, and all the chains 
will be equally qualified. A chain which has a value of ras at one time will 
take equally well other values of ras at other times. This fluctuation may 
be described by the function defined by Eq. 20, but it does not come into 
question as long as we treat the problem in thermodynamic equilibrium. 
It is a matter different from the assumption of heterogeneous constitution 
expressed by the weight function such as that of Eq. 3. If we can prepare 
the samples which have a different number of junctions per unit volume, 
the experimental verification between the two theories will be given. 
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I. Tae Ust or CompLex AMPLITUDES 


If a parallel beam of light is thrown on a colloidal solution, part of 


it is scattered. In addition, true absorption takes place if the colloidal 


particles have a finite conductivity, the energy thus absorbed being con- 
verted into heat. The scattered light is thrown in all directions, with 
different intensities and different degrees of polarization forming a 
characteristic pattern. This scattering pattern depends on the relative 
refractive index, m, of the particles in the medium and on their size 
with respect to the wavelength. The latter is expressed by the parameter 
2 ; ; : ! 

z= < . Here, r is the radius of the particles and is the wavelength 
in the surrounding medium (mostly water or air). 

Different values of x give different scattering patterns. Consequently, 


experiments made with polydisperse sols or with light of different wave- 


lengths (e.g., white light) give diffuse patterns. Only recently, with care- 
fully prepared monodisperse sols, have the intricate maxima and minima 
of the scattering pattern been studied experimentally (1). La Mer calls 
them higher-order Tyndall spectra. 

Theoretically, the problem had been solved in 1908 by Mie and by 
Debye. It is a straightforward problem in Maxwell’s electromagnetic 
theory of light. A complete analytical solution was given, and has since 
been repeated by many authors using slightly different notations (2). 
The solution has a very complicated form, involving Bessel functions and 
spherical harmonics. It is still a big operation, therefore, to compute the 
numerical results for one m and x. The same operation must be repeated 
for any other combination of m and x. The most extensive tables have 
been computed by Lowan (3); others by Blumer (4) and Holl (5). They 
give the scattered intensity for scattering angles at intervals of 10° and 
for several combinations of m and z. 

Although great effort has been expended in the construction of these 
tables, they are by no means complete. Frequently, a particular value is 
needed that has not been computed, and this must be found by inter- 
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polation between the known values. This interpolation is difficult because 
most scattering patterns show wild intensity fluctuations. The main sub- 
ject of this paper is to explain a device by which a reliable interpolation 
can be made. 

The important point is that the scattered light has not only a certain 
intensity but also a certain phase. This is true for any wave motion, like 
sound, light, alternating current, etc. Let us take water waves as an 
example: their amplitude is half the difference in height between a crest 
and a valley, and their phase tells whether we find a crest, a valley, or 
some intermediate stage at a certain point and time. The amplitude and 
the phase together are often represented in one complex number, the 
complex amplitude. It is graphically represented as a vector in a plane. 
In Fig. 1, S is the amplitude and o the phase. The complex amplitude 
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Fic. 1. Graphic representation of a complex amplitude. 
is the vector OA; its real part is OB = S cosa, and its imaginary part 
is OC = S sin oc. The same complex amplitude is written in one formula as 
== Se* = Scosao + sino. @) 


Here e is the base of the natural logarithm (= 2.718 ---) and 7 is the 
imaginary unit. 

Since light is a transverse wave motion we need two such complex 
amplitudes, one for each direction of polarization. The publications re- 
ferred to above give only the intensities of the scattered light. The in- 
tensities for both directions of polarization are 


11 = S? and te = S2?, (2) 


1.é., the squares of the amplitudes. Instead, we shall now employ the 
complex amplitudes 


a = S; e71 and ay = So e%72, (3) 


The theory of Mie, being a complete solution, gives these complex ampli- 
tudes as well as the intensities. Usually, only the intensities are published 
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and the phases neglected. By using the phases also we can make much more 
reliable interpolations, or discussions of theoretical results, than by using 
intensities only. 


II. ApPPLicaTION To ScATTERED LicutT 
1. Interpolation with Angle 


As an example of this problem, Fig. 2 gives the curves for m = 1.33 
and x = 4.00. The values of 2; and 2» (¢.e., their real parts and their 
complex parts) were computed for intervals of 10° of the scattering angle, 
| 6. They are represented by circles and dots and the value of @ is written 
with them. The circle and dot for 6 = 0° (forward scattering) coincide; 
those for 6 = 180° (back scattering) are opposite with respect to O. 


Fig. 2. Theoretical scattering diagram for m = 1.33 (refractive index) and x = 4.00 
(= 2xr/d). The complex amplitudes for both directions of polarization are plotted as 
a function of the scattering angle (0°-180°). 


Circles and dots are connected by smooth curves. It is now easy to esti- 
mate the points corresponding to any intermediate scattering angle on 
these curves. Once such a point is found, the square of the distance to the 
origin is the corresponding intensity, 71 or 22. 


2. Red-Green Ratios 


A further illustration is given in Fig. 3. This was constructed in con- 
nection with experiments made by Kenyon and La Mer (6). The data in 
this figure refer to 7: only. The authors had noticed that the intensity 7 
had the more pronounced maxima and minima of 7; and 7. This effect 
is also seen in Fig. 2: the 2:-curve has the more elongated loops of the 
two curves. The intensity 7; is measured when a Nicol prism transmitting 
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Fic. 3. Diagram showing the scattered intensity (log-scale) vs. the scattering angle, 
for r = 0.376, and m = 1.44. The distance between two lines represents a factor 10 
in Si, 2.e., a factor 100 in 21. 


only vertical vibrations is placed in the incident, or in, the scattered beam, 
or in both beams (both beams being horizontal). 

La Mer elected, for practical reasons, to measure the ratios of the scat- 
tered intensities in green light (\ = 5240 A) and red light (A = 6290 A). 


Fic. 4. Curves showing the complex attenuation factor, H + iF, as function of 
the size. Dotted curve: m = 1.33; solid curve: m close to 1. Along the curves, values of 
2x(m — 1). 
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Since the ratios of these wavelengths is 1.2, there is one size, r = 0.376 pn, 
for which x = 5 gives the red scattering, while x = 6 gives the green 
scattering. Note that the relation between r and x contains the wave- 
length in water, which is 24 of that in air. The curves of log 2; for these 
two values of x are shown in Figs. 3a and 3b, respectively. They have 
been constructed by using graphs like Fig. 2. The minima are as sharp 
as the maxima on this logarithmic scale; in a plot of direct intensities 
only sharp maxima are seen. There was a suspicion that the maxima in 
green would coincide with the minima in red. This suspicion proves incor- 
rect. The curve of the red/green ratios, obtained by simple subtraction 
of Fig. 3b from Fig. 3a, is shown in Fig. 3c. Most of its maxima correspond 
to minima of the green-curve rather than maxima of the red-curve. 


3. The Scattering of Incident Polarized Light 


: The usual experiments are made with incident natural light; 7; and 72 
are, then, the intensities scattered in the two directions of polarization, 
and the phases of 5, and 2 are unimportant. However, if the incident 
beam is plane-polarized, the light scattered in an Mbt: direction con- 
tains both S, and 2». In general, elliptical polarization occurs, unless the 
phase difference, o1 — o2, is a multiple of a (7.e., 0° or 180°). This result 
As contained in the Mie solution. We may use a diagram like Fig. 2 to 
judge how strongly elliptical the light scattered in a certain direction 
will be. We see there, for example, that no elliptical polarization occurs 
near 6 = 80° but a ae strong one near @ = 120°. It is not difficult to 
derive also the quantitative expressions for the Stokes parameters of the 
scattered light. 
Ls 4. Scattering by Large Particles 


\ 
: 


For particles that are large compared to the wavelength (x > 1), we 
can frequently use the laws of geometrical optics. This rule is not quite 
general. Strictly, we must distinguish 3 regions of the scattering diagram. 


(a) A small region near 6 = 0° contains the coronae caused by diffrac- 
tion around the scattering particle. They depend only on the size, not 
on the material of the particle. In this region 2; and 22 are equal in ampli- 
tude and phase (7). 

(b) The further pattern, until close to 180°, follows from geometrical 
‘optics. Classical formulae give both the amplitude and the phase, if due 

ecount is taken of the phase differences introduced by focal lines in the 
eams. The result is in complete accordance with the asymptotic forms 
f the Mie formulae (8). The rainbow theory can be developed in the 
ame way (9). The scattering by fairly large particles has important appli- 
ations in meteorology and astronomy (10), but many details are still 
bscure. Here also the complex amplitudes might be used to advantage. 
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(c) The region near 180° may be described as the region of the glory. 
or anti-coronae. Here the curve of 22 takes a sudden twist: while the 
phases o; and a2 remained close together for all other angles, they finish 
at @ = 180° in exactly opposite directions. Strong polarization effects 
occur in this region. A classical theory for this region has been given (11), 
but the quantitative effects are not well understood. Again, the use of 
complex amplitudes might clarify this problem. 


III. APPLICATION TO THE ATTENUATION 


1. Exact Expression for the Efficiency Factor 

Both the scattering and the absorption by the colloidal particles result 
in an attenuation of the incident beam. We express the same by saying 
that the incident beam suffers a certain extinction. The net effect is that 
each particle screens # times the amount of light that can be screened by 
its geometric cross-section, mr’. We call HE the efficiency factor of the 
particle for attenuation (or extinction) and the product E- 77’? its attenua- 
tion cross-section. 

The theory of Mie gives E as a function of m and wz. Its formula can 
be written in the form: 


= 5 Re [2(0)}. a 


Here 2(0) is the common value of 2; and 22 for 6 = 0, and the symbol Re 
means that the real part of this complex number must be taken. 

I have found no physical interpretation of this surprising relation 
between the complex amplitude for forward scattering and the attenua- 
tion. It is correct for conductive and non-conductive particles of any size. 
We can use it to advantage in many problems. 


2. Interpolation in the m-x-Plane 


Each single computation based on Mie’s formulae gives the value of 
E for a single combination of m and x. This combination represents an 
isolated point in the m-zx-plane. The interpolation between these points 
is difficult since # shows strong and irregular fluctuations. As a general 
rule, we may state that the use of the complex numbers, 


E+iF = +200), 


enables us to make much more sense of these fluctuations than the use 
of E alone does. 

The particular procedure can be chosen to convenience, depending on 
the particular part of the m-x-plane (12). Fig. 4 shows the most convenient 
presentation for the interesting case of small m and fairly large x. The 
curve of # + <F as a function of the size is here a spiral, spiraling to the 
final point, H = 2 and F = 0, for very large particles. The figure shows 
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the spiral for the asymptotic case of m close to 1 and also the beginning 
of the spiral for m = 1.33 (water droplets). In accordance with the 
theory (13), the running parameter written along the curves is not x but 
2x(m — 1). The values of the efficiency factor, H, are simply the abscissae 
of the points on these curves. We read directly that 


E has a maximum near 2z(m — 1) = 4.0, 
FE has a minimum near 2x(m — 1) = 7.5, etc. 


(6) 


These formulae are approximately correct for any value of m between 1 
and 2, but for m= 1.50 (sulfur drops in water), or larger, secondary effects 
are noticeable. It is clear that Fig. 4 is only an illustration. With more 
data it can be made into an accurate construction graph permitting exact 
interpolation and an adequate discussion of the secondary effects. 


3. E-Factors for Complex Values of m 


Conductive materials in the electromagnetic theory of light have a 
complex refractive index. The formulae of Mie hold unchanged for con- 
ductive particles, but their numerical evaluation becomes even more 
difficult. It is now—in principle—possible to avoid all calculations with 
complex values of m until one has derived the values of the complex 
function, H + zF. This function is a so-called analytic function of m (14). 


_ By a well-known theorem, the values of this function for any complex 


value of m can be found, once its values for real values of m are known. 


- The exact procedure is again a matter of convenience, but in practice one 
: may say that any approximation by which EH + 7F is expressed in an 


analytic formula for real values of m holds also for complex values of m. 
All we need, therefore, is some curves like those of Fig. 4, and the rest 
is a matter of mathematical technique. Lowan and Horenstein (15) de- 
veloped this method with power series as an approximation. Van de Hulst 
(16) computed the exact extinction curves for complex values of m close 


- to 1 by essentially the same method. 


IV. FoRMULAE FOR THE AMPLITUDES 
The preceding sections have been written with emphasis on the 
physical meaning and application, and with omission of most mathe- 
matics. In order to avoid confusion I repeat here briefly the formulae by 
which 2, and 22 are computed. The notation used is that of Ref. 2, parts 
J and II. 
The coefficients, a, and b,, are computed by means of I, Eq. 2.7: 


See Wn (y)Wn(a) — yn’ (x) Waly) 
"aha (y)Sn(t) — ySn' (x) vnly) ’ 


» = Yen (dala) — an’ (x)Wnly) 
pal yWn' (y)En(X) — Un" (X)Paly) ’ 


(7) 
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where Wn, {n) Wn’, and ¢n’ are the so-called spherical Bessel functions and 
their derivatives in a conventional notation (I, Eq. 2.8) and y = mz. 
The complex amplitudes are: 


“ wWM+1 

Det = x Ass) {Antn(v) ae brtn(v) }, sf 
“ Qn+1 

Biss Zan + 1) {Dntn(v) + Gntn(v)}. 


Here v = cos @ and zp and rT, are the spherical harmonics first introduced 
by Mie (I, Eq. 2.10): 


1 i 
TY) = a P,\(v), 
tn(v) = van(v) — (1 — v?)m1/(v). (9) 


X(0) is found by the substitution of 7,(1) = 7a(1) = gn(n 4+ 1); £ fol- 
lows by means of Eq. 4 (cf. I, Eq. 8.5). 

Lowan uses Blumer’s notation, which in turn is an adaptation of Mie’s 
original formulae. This is, in some respects, an unfortunate choice. The 
main difference is that the angle y is measured from the backward direc- 
tion, while throughout the present paper (as in I and IT) we reckon @ from 
the forward direction. Lowan’s choice causes a somewhat confusing 
alternation in the signs of the coefficients. Further, the factors (2n + 1)/ 
n(n + 1) plus a factor 7 or —7 were included with Blumer’s coefficients. 
This again obscures some simple properties of a, and b, (see I, p. 9 ff.). 

Let us temporarily mark Lowan’s notations by an asterisk (17). Lowan 
writes a* instead of our x. By the different choice of angle we have 


y* = 180° — 6, so x* = —v; consequently, 7,* = (— 1)" 7, and 
tn* = (— 1)"7,. Further, the coefficients are 
A,* = 2n +1 qantig 
n(n + 1) ae 
(10) 
P= 2n +l q2n-lp 
n(n + 1) i 


Now we find, by comparison with the formulae given above, that the 
sums computed by Lowan are: 


firstsum = )) {An*rn™ + Patrn*} = — iD, 

n=1 

bs (1 
second sum = >} {An*r,* + P,*an*} = +7 doo. 

n=1 


For details about notations of other authors see I, p. 13. 
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Finally, it may be noted that the complex amplitudes 2, and 2» 
defined in this paper are not identical with those following from the 
classical formulae of Kirchhoff and Fresnel (for large particles). The latter 
have an extra factor —7 (I, pp. 27 and 35). 


SUMMARY 


The paper describes a mathematical device useful in the theory of 
light scattering by colloidal particles. This device is the use of complex 
amplitudes. It can be applied in many variations, both to simplify compu- 
tations and to clarify their physical meaning. 

The applications treated are: intensity and polarization as a function 
of the scattering angle, scattering of polarized light, scattering by large 
particles, attenuation by conductive and nonconductive particles. 

The complete formulae are given at the end. 
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LETTER TO THE EDITORS 


A NEW METHOD OF STUDYING MECHANICAL 
PROPERTIES OF PENETRATED MONOLAYERS 


The general use of Langmuir’s method (1) of studying mechanical 
properties of monolayers, is based on the fact that one part of the sur- 
face A (Fig. 1) is exerting a pressure on a float, while the other side B, is 
always kept clean and unchanged during the whole time necessary to carry 
out the experiments. Therefore, compression curves of insoluble mono- 
layers spread on water can readily be obtained. The mechanical conditions 
however, are altered when pressures arise on both sides of the float, as 
always happens in penetration studies. 

The interaction of the insoluble monolayer with substances in the 
underlying solution is generally followed by a rise of pressure P, of the 
mixed film at constant area (2), the ejection process of the mixed film 


torsion wire 


Yi 
wax slide 


at constant pressure P4, or the compression curve of the mixed film (3). 
All these experiments require an accurate knowledge of the film pressure 
le 

Three methods can be used to allow for the pressure in B due to the adsorbed 
monolayer of the solute: 


(a) Sweeping several times the area B behind the float by waxed slides, 
so as to remove the adsorbed film of the injected solute. This process is 
stopped when the movement of the slide toward the float does not alter the 
position of the latter as shown by the light image on the scale. 

(b) Substituting a constant pressure in B to the changing pressure with 
time of the adsorbed film. This is achieved by the spreading of a piston oil 
which does not interact with the solute, and the pressure of which is 
greater than the equilibrium surface pressure of the adsorbed compound in 
solution. 
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(c) Measurement of the total pressure acting on the float Ps — Pz and 
measurement of P; by a ring or plate attached to a chainomatic balance. 
From these two measurements pA can be obtained at any moment. 


A new method has now been devised which allows for an automatic 
compensation of the pressure acting on B so that pA can be obtained with 
penetrated monolayers as readily as with insoluble monolayers on pure 
water. 

To the standard Langmuir apparatus a beam (Fig. 1) is attached to the 
center of the torsion wire normal to it and in the same horizontal plane. 
On one side, the beam carries a mica plate cut to the required shape, and 
treated to make its surface porous, to ensure instantaneous and complete 
wetting in all solutions. This plate is dipping in the surface B, while on the 
other side of the beam is set a pan on which weights can be placed to 
equilibrate the moment of the two forces acting on each side of the beam. 
When the surface of the trough is perfectly clean P, = Pz = 0. 

If the length of the mica plate in contact with the surface is a, its dis- 
tance to the torsion wire d, w the width of the trough, h the distance be- 
tween the float and the torsion wire, the system will be in equilibrium for 
any value of Pg when: 2 ad = wh. No pressure will be acting on the float 
from B when impurity or adsorbed film is present in B, so that the meas- 
urement of the pressure of the mixed film or penetrated film, could be 
carried out by the standard method as used with insoluble monolayers. 

A more detailed work will be published on the application of this new 
method to an investigation of the “penetration”? phenomena. The authors 
are indebted to Mr. L. Saggers for technical assistance in designing and 
constructing the apparatus. 
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BOOK REVIEW 


The Electron Microscope, Its Development, Present Performance, and Future 
Possibilities. By Dr. D. Gasor, Engineer, British Thomson-Houston Co., Ltd., Re- 
search Laboratory, Rugby. Published by Chemical Publishing Co., Inc., Brooklyn, New 
York, 1948. 164 pp., 50 figs. Price $4.75. 


“This monograph is an amplified version of a lecture, delivered on the 4th of March, 
1943, before the Cambridge University Physics Society. In its present form it intends to 
be both an introduction to the electron microscope and a critical contribution to its 
theory.” 

The present American edition has been extended to include a number of more recent 
photographs, and a note of de Broglie’s current work on the proton microscope has been 
added. The chapter headings, “‘Geometrical Electron Optics,” ‘Electron Wave Optics,” 
“Electron Microscopes without Lenses,” ‘Electron Microscopes of the Transmission 
Type,” “Contrast by Scattering,” ‘The Resolution Limit,” “Description of Commercial 
Electron Microscopes,” “‘Achievements,” ‘“The Scanning Microscope,” ‘Possibilities,’ 
“Diffraction Theory,’’ indicate the subject matter treated. The book is well written. The 
author’s comment: ‘‘the fundamental development of the instrument has now reached 
a stage beyond which progress is likely to be slow and difficult.”’ It is recommended to 
those who wish a compact and useful treatment of the theory and uses of this most 
valuable instrument. 

Victor K. LaMmr, New York, N. Y. 
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CRYSTAL FORMS OF ANHYDROUS CALCIUM 
STEARATE DERIVABLE FROM CALCIUM 
STEARATE MONOHYDRATE! 


Marjorie J. Vold, Gopal S. Hattiangdi ? and Robert D. Vold 


From the Chemistry Department, University of Southern California, Los Angeles, Calif. 
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INTRODUCTION 


Calcium stearate, prepared either by direct neutralization of stearic 
acid with either an excess or a deficiency of calcium hydroxide, or by 
metathesis between sodium or potassium stearates and calcium chloride, 
washed free of impurities and dried to constant weight at 105-115°C., 
has been shown by standard analytical procedures to consist of 100% 
normal soap, formula Ca(Ci7H3sCOzs)2. Nevertheless, various prepara- 
tions differ considerably in X-ray diffraction pattern. All of the patterns 
so far obtained can be resolved into 3 types or mixtures thereof. Two of 
these are sharp line patterns while the third appears to belong to a rela- 
tively noncrystalline structure. It is the purpose of this paper to report 
the experimental factors leading to the production of each of these states, 
and to offer a tentative explanation—or rationalization—of the phenom- 
ena observed. 

EXPERIMENTAL 
Materials 


Calcium stearate was prepared in this laboratory from 8 independent 
samples of stearic acid; characterizing analytical data are given in Table I. 
Over 50 separate samples of calcium stearates wert made in investigating 
the effects of preparative variables. The following procedure was finally 
adopted as the most satisfactory for preparing pure anhydrous crystalline 
calcium stearate: To a 5 wt.-% solution of stearic acid in boiling, CO.-free, 
95% ethanol, add sufficient 5% aqueous carbonate-free NaOH to just 
neutralize the acid to phenolphthalein, and then reacidify with stearic 
acid solution to give about a 0.5% excess. Add a 5% aqueous solution of 
CaCl, (in CO.-free water) in amount slightly less than required for com- 
plete conversion of sodium stearate to calcium stearate, stirring rapidly 
to prevent local excess of calcium ion, and filter at once. Wash the precipi- 

1 This work is part of a project “Phase Studies of Greases” supported by the Office 
of Naval Research, Contract No. N6-onr-238-T0-2; NR057057. 

2 Present address: National Bureau of Standards, Washington, D. C. 
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TABLE I 
Stearic Acids Used to Prepare Calcium Stearate 


Sauaple Source iene M.P. cage 
eC. 

A This laboratory? 0.05 68.8-69.5 284.0 
4 Neo-fat 1-65° 4.5 65-66 287 
5 Neo-fat 1-65° 4.6 64-66 285 
E Eastman Kodak No. 402 3.0 64-66.5 284 
5R1 From Neo-fat No. 1-65 sample 5° 0.2 67.5-68 — 
5R3 From Neo-fat No. 1-65 sample 5° 0.34 — 286.5 
5R4 From Neo-fat No. 1-65 sample 5° 0.35 69-70 — 
6 Technical triple-pressed stearic acid? 6.8 -- — 


¢ Sample purified from E by Dr. L. L. Lyon, as described in Ref. 4, p. 340. 

> Acid No. 4 was a 1 lb. sample sent for inspection. Acid No. 5 was a 50 lb. purchase 
(Armour Chemical Co.). 

¢ Samples 5R1, 5R3, and 5R4 were independent purifications of sample 5 by recrys- 
tallization from acetonitrile at room temperature, suggested to the authors by Dr. 
A. W. Ralston, Armour Chemical Co. 

4 Purchased from the Mefford Chemical Co. 

¢ Wijs method. 


tate with hot water until the filtrate shows no turbidity whatsoever upon 
addition of AgNO3. Then place the soap in an extraction thimble and 
steam it at 100°C. for at least 8 hr. Wash off excess water, first with 
acetone and then with ether, and air dry the product at room temperature. 
This product is calcium stearate monohydrate. It may be dehydrated 
(weight loss 2.88%) by heating to constant weight (in air or vacuum) at 
90-115°C. to yield the anhydrous soap. If desired, the product may be 
recrystallized from a solvent containing 15% propylene glycol and 85% 
chloroform (1) (solubility ca. 5% at 50°C., negligible at room temperature, 
but crystal formation is slow). 


Instrumental Techniques 
X-ray diffraction patterns for all preparations of anhydrous soap and 
most hydrates were obtained with a Norelco X-ray spectrometer as de- 
scribed in a previous paper (4). Differential heating curves were obtained 
on several preparations at a heating rate of 1.5°/min. against white 
mineral oil (Nujol) as a reference material using the calorimeter also 


described elsewhere (3,4). 
RESULTS 
The Existence of CaStr.:H.O 


The existence of this hydrate had been reported previously (4). How- 
ever, 1t was confirmed by regenerating the hydrate by steaming anhydrous 


| 
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calcium stearate and analyzing the air dry product for water content. 
Found, 2.78-2.99 in six trials; theory 2.88%. 


The Polymorphism of CaStr,: HO 


All samples of calcium stearate hydrate gave exactly the same X-ray 
diffraction pattern in so far as the position of the principal lines is con- 
cerned. Up to 9 orders are obtained of a spacing somewhat less than twice 
the length of two stearate ions. This spacing has the numerical value 
49.85 + 0.15 A for all reasonably pure acids but may be as low as ca. 47 A 
for technical ‘‘stearates”’ containing significant amounts of palmitate (5). 
Additional peaks are found, both for pure and technical samples, at d/n 
values of 4.40 + 0.02 A, 4.13 + 0.03 A, 3.88 + 0.02 A, and3.41 + 0.02 A 
with relative intensities (peak heights) of approximately 1: 0.8: 0.5: 0.4, 
respectively. A sample diffraction curve is given in Fig. 1, Curve I. In 
addition, there are many lines of lower intensity which need not be 
considered for present purposes. 

Despite the X-ray diffraction results, there seem to be two varieties 
of calcium stearate hydrate, since the differential heating curves show a 
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Fia. 1. X-ray diffraction patterns of calcium stearate hydrate and various anhydrous 
calcium stearates. I. Calcium stearate hydrate. II. Calcium stearate VIA. III. Calcium 
stearate VIH. IV. Calcium stearate VIN. V, VI mixed patterns. Sample III (made from 
stearic acid 6 of Table I) has somewhat larger (0.04-0.1 A) numerical values of the side 
spacings than are found with samples made from less crude acids. 
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second order transition® at 48°C. for some preparations and not for 
others. Fig. 2 shows differential heating curves for two preparations of 
calcium stearate hydrate both made from stearic acid 5R4. One of these 
(Curve I) exhibits a transition of the second kind (increase in heat 
eapacity) at 48°C. Both undergo a further transition (also accompanied 
by vaporization of water) at 125° + 22C. 


Differential Temperature 


Time® 


Fia. 2. Differential heating curves of calcium stearate hydrates. I. Sample yielding 
anhydrous calcium stearate VIA. Note second order transition at 48° as well as first order 
transition at 124°. II. Sample yielding anhydrous calcium stearate VIH. 

a. Proportional to sample temperature, which is read off an auxiliary automatic 
record. 


The designation of 48°C. as the temperature of a second order transi- 
tion in calcium stearate hydrate from Curve I of Fig. 2 follows unambigu- 
ously from the theory of differential thermal analysis developed by one 
of us (3). The temperature difference at steady state conditions between 
two materials of the same heat conductivity is proportional to their differ- 
ence in heat capacity. When the heat capacity of the sample changes 
abruptly, as in the present case at 48°C., a new steady state temperature 
difference is established. The differential heating curve consists of two 
flat segments. The sample temperature where the change from one to the 
other begins on heating is that of the second order transition. The sample 


’ The term second order transition is used in its original sense as one for which 


the latent heat is zero but for which a finite change in heat capacity occurs at the given 
temperature. 
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temperature when the new steady state becomes established depends on 
the thermal characteristics of the calorimeter and the heating rate, and 
is not a property of the sample itself. 


X-ray Diffraction Patterns of Anhydrous Calcium Stearate 


The dehydration of calcium stearate monohydrate in air at 110°C. 
to form anhydrous calcium stearate leads to materials giving a diffraction 
pattern like Curve III of Fig. 1, which is substantially identical with the 
pattern of the hydrate, or like Curve II of Fig. 1, or like mixtures of the 
two exemplified in Curves V and VI of Fig. 1. The long spacing is slightly 
increased (ca. 0.5 A) in samples which show a change of pattern upon 
dehydration. 

Recrystallization of anhydrous calcium stearate from a mixture of 
15% propylene glycol in chloroform leads to materials giving a pattern 
like Curve II. 

It is proposed to designate these two crystalline forms of anhydrous 
calcium stearate obtainable at room temperature as calcium stearate VIA 
(Form VI of reference 4, pattern like Curve II of Fig. 1) and calcium 
stearate VIH (pattern like Curve V of Fig. 1, or Curve I, the hydrate 
pattern). It is unfortunate that calcium stearate hydrate was designated 
VIH in Ref. 4. This substance is a compound of calcium stearate and 
water and should not be referred to as a “form” of calcium stearate. The 
pattern of calcium stearate VIA differs conspicuously from that of cal- 
cium stearate VIH in that the former contains an intense peak at 3.70 A 
in place of the set at 4.40, 3.88, and 3.41 A, and in that the peak at 4,13 A 
is relatively more intense. 

The two forms of dry calcium stearate seem to have nearly identical 
differential heating curves, although the varying degrees of ‘‘premelting”’ 
accompanying varying purity of the samples, and the fact that the present 
technique of differential thermal analysis is not precise (reproducibility 
+2°C.), make this conclusion open to some question. In particular, the 
most nearly pure preparation of calcium stearate VIA shows a transition 
of the second kind at 65°C. in samples which have never been subjected 
to temperatures in excess of 125°C. This change in heat capacity at this 
transition is much smaller than in the case of the second order transition 
of the hydrate at 48°C. It is absent from preparations of calcium stearate 
VIH, but its presence in all samples of calcium stearate VIA was not 
definitively established. 

Occasionally anhydrous calcium stearates were obtained which showed 
an X-ray diffraction pattern in which the long spacing peaks are weak 
and diffuse and greatly shortened in magnitude (as low as 48.5 A) in 
samples made from stearic acid from’ which calcium stearate VIA (long 
spacing 49.9) could also be prepared. The shortened long spacing is ac- 
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companied by a single wide halo centering at 4.14 A and replacing or 
obscuring all additional side spacings in this region (Curve IV, Fig. 2). 
Although this pattern is similar to that of the transparent glassy form 
obtained by quenching anhydrous calcium stearate from temperatures of 
the order of 250°C., the samples are not glassy in appearance and do not 
rehydrate in air at room temperature as does the glassy form. For pur- 
poses of discussion this state is described as calcium stearate VIN (for 
noncrystalline). 

In so far as tested, samples of calcium stearate hydrate showing the 
second order transition at 48°C. yield calcium stearate VIA upon dehy- 
dration while samples not showing this transition yield calcium stearate 
H, or mixtures of the VIA and VIH form or calcium stearate VIN. 


Effect of Preparative Variables on the Formation of Calcium 
Stearates VIA, VIH, or VIN 


At the beginning of the present investigation of the phase behavior 
of calcium stearate in cetane, 150 g. of ‘‘calcium stearate” was prepared 
from stearic acid A of Table I by metathesis between calcium chloride, 
and potassium stearate in aqueous alcohol. This preparation was subse- 
quently found to be the monohydrate and yielded calcium stearate VIA 
upon dehydration. Later on, another batch was prepared from stearic 
acid 4 of Table I, which is a much cruder acid, by the same procedure and 
also yielded calcium stearate VIA. Meanwhile the X-ray diffraction pat- 
tern of calcium stearate VIH had been published by Smith and Ross (2). 
Since this pattern was identical with that of calcium stearate hydrate, 
the conclusion that Smith and Ross had not adequately dried their 
material seemed obvious. However, almost simultaneously, a preparation 
(made in India by G.S.H.) of calcium stearate was found to give the VIH 
pattern after even exhaustive drying. Thereupon an investigation was 
begun into the factors responsible for the production of one form or the 
other. Calcium stearate VIN was produced when some preparations of 
calcium stearate hydrate were extracted with benzene and acetone in an 
effort to remove possible adsorbed stearic acid, and then dehydrated. At 
first, the form of dry calcium stearate which resulted appeared to be a 
matter of chance, and upwards of 50 preparations were made in an effort 
to identify the significant variables, which appear to be the following. 

1. Purity of the Stearic Acid Used. From the purest acids (A of Table I) 
calcium stearate VIA was usually obtained in samples made by metathesis 
between sodium or potassium stearate and calcium chloride without spe- 
cial care as to the concentration of reactants or exhaustive washing be- 
yond that necessary to eliminate the residual chloride ion. From stearic 
acids containing appreciable amounts of either unsaturated acids or 
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saturated acids of different chain length, any of the three forms may re- 
sult, but calcium stearate VIA is difficult to achieve, and with stearic 
acid 6 (the technical triple pressed ‘‘stearic acid” of commerce) attempts 
to prepare calcium stearate VIA were unsuccessful. 

2. Metathesis or Direct Neutralization. Other conditions being the 
same, metathesis between calcium salts and sodium stearate favors the 
production of calcium stearate VIA, while direct neutralization of the 
stearic acid with Ca(OH), tends to form calcium stearate VIH. 

3. Concentrations and Temperature. These variables play no important 
role, except in so far as adequate mixing is impaired by the thick mushy 
nature of the precipitate from highly concentrated solutions, or by tem- 
peratures and concentrations such that sodium stearate forms alcogels. 
However, in metathetic reactions it is important whether sodium stearate 
or calcium chloride is in excess. A: preparation of calcium stearate hydrate 
giving a mixture of VIA and VIH upon dehydration was washed with 
lime water (followed with pure water) and found then to yield almost 
pure VIH. A second sample was washed with a 1% sodium stearate solu- 
tion (followed by hot water) and found to yield almost pure VIA. 

4. Washing Procedure. Exhaustive washing of precipitated calcium 
stearate hydrate favors the production of calcium stearate VIA. The 
material is fluffy and not easily wet by water. To secure good contact 
between precipitate and wash liquid it is convenient to use aqueous ace- 
tone or aqueous alcohol and to mix the solid with a small volume of wash 
liquid to form a concentrated slurry before diluting with the remaining 
volume of wash liquid. More than 25% of organic solvent in the water, 
temperatures above room temperature, and vigorous agitation of the 
concentrated slurry, all tend to result in the formation of calcium stearate 
VIN from samples in which calcium stearate VIH results in the absence 
of these variables. Steaming the hydrate tends to result in the formation 
of calcium stearate VIA. ; 

5. Drying Procedure. Slow dehydration favors the production of cal- 
cium stearate VIA. If the formation of calcium stearate VIN is to be 
avoided, the wash solvents, particularly acetone, alcohol, ether, eic., 
should be removed from the hydrate at temperatures below 50—60°C. 
before subjecting it to the more elevated temperatures of 90-110°C. re- 
quired to decompose the hydrate at an appreciable rate. 

6. Recrystallization. Although calcium stearate is insoluble in most 
solvents, steaming the hydrate is perhaps equivalent to a recrystallization 
from water. The dry soap may also be recrystallized from the mixed 
solvents suggested by Palit and McBain (1). This procedure yields cal- 
cium stearate VIA. 

7. Aging. A large (100 g.) batch of calcium stearate hydrate was pre- 
pared from a relatively pure acid (5R3 of Table I) in an effort to obtain 
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a stock supply of calcium stearate VIA. When first prepared, it yielded 
a mixture of VIA and VIH, dominantly VIH, upon dehydration. After 
several months standing at room temperature it was found to be non- 
uniform, yielding mostly calcium stearate VIA, but with traces of VIH 
still present in one out of three 10 g. batches dried. 


Behavior of Calcium Palmitate 


Calcium palmitate appears to exhibit the same behavior as calcium 
stearate. An H type pattern was obtained from a technical quality soap 
by Vold and Hattiangdi (5). Subsequently an A type pattern was ob- 
tained (by M. J. Vold) for a sample made from Eastman palmitic acid. 


DISCUSSION 


In view of. the influence of preparative variables (particularly 1, 4, 6, 
and 7) upon its preparation, it seems likely that calcium stearate VIA is 
the stable crystal modification of anhydrous calcium stearate. In its 
formation from the hydrate, considerable rearrangement in the packing 
together of the calcium stearate molecules is indicated to be involved by 
the accompanying changes in X-ray diffraction pattern. 

The mechanism of the change in structure may involve rotation or 
partial rotation of the calcium stearate molecule about its long axis. It is 
reasonable to suppose that this change could then be inhibited by the 
presence of impurities in the stearic acid which would pack irregularly— 
such as unsaturated fatty acids or shorter or longer chain saturated acids. 
It would also be inhibited by adsorption of foreign materials into or onto 
the hydrate lattice, as indicated by the finding that inadequate washing 
of the hydrate leads to calcium stearate VIH or VIN rather than VIA. 
The formation of calcium stearate VIH or VIN on rapid dehydration of 
samples which yield dominantly calcium stearate VIA upon slower dehy- 
dration is also in accord with this explanation. Calcium ion appears to be 
particularly tenaciously adsorbed. The production of calcium stearate 
VIA from a hydrate formerly yielding calcium stearate VIH, after wash- 
ing with sodium stearate, could be due to conversion of adsorbed calcium 
salts to calcium stearate. 

This explanation receives further support from the finding that the 
second order transition of calcium stearate hydrate at 48°C., which could 
be due to development of free rotation in the lattice, is absent in samples 
which yield calcium stearate VIH upon dehydration. 

On the basis of the above explanation, calcium stearate VIN is be- 
lieved to result from an intermediate state in which the regularity of the 
calcium stearate hydrate crystallites is sufficiently perfect for the struc- 
tural inversion to begin, but not sufficient for the molecules, dislodged 
from their equilibrium arrangement in the hydrate, either to fall into the 
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regular arrangement characteristic of the stable anhydrous crystal, or to 
return to the arrangement characteristic of the hydrate. 

In addition to its intrinsic interest, and the possible utility of the 
observations in the as yet unsolved problem of a complete structure de- 
termination for these materials, the circumstance that anhydrous calcium 
stearate may show a diffraction pattern identical with that of calcium 
stearate hydrate is of importance in phase studies of calcium greases 
(ternary systems of calcium soap, oil and water) in the identification of 
the phases present by means of X-ray diffraction. 


SUMMARY 


Anhydrous calcium stearate can be obtained at room temperature in 
any one of three forms, or mixtures thereof, by dehydration of calcium 
stearate monohydrate. Calcium stearate VIA is believed to be the stable 
modification. Calcium stearate VIH is an anhydrous crystalline powder 
having the same X-ray diffraction pattern as calcium stearate mono- 
hydrate. Calcium stearate VIN is relatively amorphous with respect to 
interchain spacings although it exhibits a crystalline long spacing. 

Samples of calcium stearate hydrate which yield calcium stearate VIH 
upon dehydration lack a second order thermal transition at 48°C. charac- 
teristic of calcium stearate hydrate samples which yield calcium stearate 
VIA upon dehydration. Evidence is presented supporting the interpreta- 
tion that transformation of the hydrate type structure to the anhydrous 
type is inhibited by impurities in the calcium stearate, particularly ad- 
sorbed calcium salts and foreign fatty acid anions. 
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INTRODUCTION 


In many types of field experiments it is desirable to determine wind 
velocity, particle size, and concentration in a cloud. For example, the 
effectiveness of an insecticidal aerosol depends on the various properties 
of the aerosol cloud (1,2,3,4). A method is presented which relies on the 
measurement by chemical analysis of the amount of material deposited 
by the cloud on selected surfaces; thus, a source of power to operate the 
samplers is not needed. This is much simpler than preparation of samples 
for microscopic examination, and the laborious measurement which fol- 
lows. It is the purpose of this report to present data obtained using wires, 
cylinders and slides for the collection of airborne particles in a wind tunnel 
and to consider the interpretation and evaluation of the results obtained. 


THEORETICAL CONSIDERATIONS 
General 


If a wire or rod, of length L and diameter D cm., or a flat surface of 
length L and width D, is suspended perpendicu! r to the direction of the 
wind, then it presents a surface area D X L. Suppose that all the airborne 
particles which strike this surface are retained. If the mass is found to 
be M g., then the amount of material which would have passed per unit 
area, the area dose A, may be computed as A = M/DL g./cm.?. If some 
of the aerosol particles are not impacted and retained, the area dose may 
be calculated from A = M/EDL, provided that the efficiency of collec- 
tion, Z, is known. The collection efficiency of an object depends principally 
upon the size of the particles, particle density, wind speed, adherence to 
the object, and the object diameter. 


1The work described in this paper was done under contract between the Medical 
Division, Chemical Corps, U. S. Army and the University of Chicago Toxicity Labora- 
tory. Under the terms of the contract, the Chemical Corps neither restricts nor is 
responsible for the opinions or conclusions of the authors. 
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If the wind speed U is also known, the average concentration C of 
the aerosol multiplied by the time ¢ of passage of the cloud may be calcu- 
lated as Ct = A/U = M/EDLU. The quantity Ct is a useful and com- 
monly used concept. If the time is also known, the concentration C can 
be calculated.” 

The two principal factors with which we shall be concerned are 
settling due to gravity, and the slippage of a particle relative to the air 
due to its momentum when the velocity of the air is non-uniform, as, for 
example, in the neighborhood of objects. The former is fairly complex, 
due to turbulence, except near objects where the effect of turbulence is 
small. When the flow is smooth, Stoke’s law is adequate in describing the 
rate of fall for particles in the size range of approximately 1-80 yu. For 
small particles, the Cunningham correction (5) can be applied, while for 
larger particles the Oseen correction (6) may be applied. With respect to 
the slippage of particles, and the resulting impaction on objects, one can 
apply the theories of impaction discussed subsequently (7,8,9). 

Unless otherwise specified, c.g.s. units will be implied in all equations. 
By field units we shall mean that the mass is in mg., time in min., and 
lengths in m., except particle diameters which are measured in yp, the 
object dimensions in cm., and the density in g./cm.’. 


Collection by Wires 


The following expression roughly represents the calculated efficiency 
of impaction of spherical droplets on cylindrical objects (cf. Appendix I): 


a(pd?U/D)3 d 


Ey = eEU/D) Leet (De BD? (1) 


where d is the particle diameter, D is the cylinder diameter, p is the den- © 
sity, U is the wind speed, and a = 400 cm. sec./g. and a = 3 X 10-* 
g.’/cm.? sec.?. Eq. (1) approximates the description of the Sell theory (7) 
curves if a = 0 andd < D and if a = 600 c.g.s. units, whereas the data 
to be given subsequently are consistent over a wide range with a = 150 
and a = 3 X 10~ in c.g.s. units, or with a = 60 and a = 0 when the 
efficiency is not less than about 5%. Other data (4) would suggest that 
a is considerably less, about % of that calculated by Sell. The term d/D 
enters, since the particle only needs to graze the wire to be retained. 


? More precisely, if the concentration is not constant, we have 
to = t 
Ailz= = 2 = 19) 
ip “COUda =U f “C@at = OCr, 


in which the interval f, to tz is the time for which C (t) is greater than zero, i.e., the time 


during which the aerosol cloud is passing. Generally, U will be nearly equal to the 
average wind speed during the passage of the cloud. 
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Particle Diameter from Weight Deposited on Vertical Slides 


In the following few paragraphs we shall, for convenience, set a = 0 


in Eq. (1), neglect the term d/D, assume unit density, and take a = 130 


¢.g.s. units. Suppose a cloud of particles of diameter d passes two wires 
at a speed U, one wire of D,; cm. diam. and another Dz cm. The efficiencies 
are H, and EF, given by Eq. (1). Let the actual area dose of the cloud be A 
and the actual amounts collected on the wires divided by the projected 
cross sectioned area by M,; and M>. Then 


M, = AF, and M, => AE», (2) 
and if the ratio r = M,/M, 


Dat ae 3) 
71 dD, + ald 


For a given wind speed, the ratio r depends on d, so conversely, d may be 
estimated by the experimental value r. For D; = 0.08 cm. and D2 = 0.9 
cm., and U = 1, 3, and 8 m.p.h., the d(r) relationship is shown in Fig. 1. 
As is to be expected, the estimation of d from r can only be made for a 
certain range of values of r. If, for example, r is approximately unity, this 
implies that M,; = M, = A, whereas, if the ratio r is approximately equal 
to Di/Dz, then M2D2/D, = M, < A, the actual area dose. 


d INMIGRONS OR €”! 


Oe 4 6 8 Ke) 12 
RATIO vr 


Fic. 1. Curves for a homogeneous cloud of particles calculated from Eqs. (3) and 
(4). Abscissa—r, the ratio of area dose M, to Mz. Ordinate for solid curves—d in yp for 
1 (highest curve), 3, and 8 m.p.h. wind speeds. Ordinate for broken curve—E, factor 
from which to obtain area dose from amount collected on 0.1 (upper curve) and 0.008 
cm. wires. 
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Area Dose from Weight Deposited on Vertical Slides 
If d can be estimated as above, then one has 


= My (Dy ak aUd*) 


A Uk 


= M,E; > ; (4) 


so that the cloud area dose A can be determined if U is known. Using 
the same numerical values as above, one obtains the ascending curve in 
Fig. 1, which gives E:~1(r), the factor by which the amount of material / 
em.? collected on wire 1 (Mj) is to be multiplied to obtain the cloud area 
dose A. Note that E- is independent of U and d in this particular case, 
U and d having been eliminated by Eq. (3). If the quantity d/D is not 
neglected, E-! as calculated will not necessarily be independent of d. 
Furthermore, it may be less than unity for small values of r; 7.e., for large 
d and small D the amount collected/cm.? may exceed the area dose A. 

If r = 1, then evidently A can be estimated readily but d cannot be 
estimated, although d > VD2/aU. But if r = D,/Dz, then neither A nor 
d can be estimated although d < VD,/aU and A > 3£,. In the first case, 
the use of a larger diameter wire is required, while in the latter case a 
smaller diameter wire must be used to estimate both d and A. 

Since one does not work with homogeneous clouds, one can not expect 
quite so simple or exact results. However, one could expect similar rela- 
tionships to occur, so that calibration of a set of wires would seem feasible. 


Estimation of Wind Speed from Comparison of Deposits 
on Vertical and Horizontal Surfaces 


In some field situations measurement of wind speed may not be prac- 
ticable or the measurements attempted may have been lost. Some index 
of the wind speed from the deposition of the cloud on vertical and hori- 
zontal surfaces may be useful. For intermediate values of the quantity — 
pUd?/D one has the approximate relation (1) (.e., neglecting the first and 
last term in the denominator of Eq. (1)) 


M, = apUd@?A/D = apUd@?A/D + --: (5) 


for the amount deposited per unit area (projected), the numerical value 
of the coefficient a in this equation being somewhat different from its 
value in Eq. (1). The impaction coefficient ao, defined by Eq. (5) will be 
used subsequently. The amount which settles is given by the product of 
the area dose A and the ratio of the settling speed, V, to the wind speed, 
U. If Stoke’s law (6) is used, V = Bpd? so that 


My = Bpd?A / U (6) 


for d in the interval about 1-80 yp. The quantity B is g/18n, where g is the 
value of gravity and 7 the viscosity of air, 1.8 x 10-4. Thus, 8 = 3.0 X 105 
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c.g.s. units (cm.?/g. sec.). From this it is to be expected that, over an 
intermediate range 


M, ol? , U2 (mph) : 
Mn 8D itp D CCID: (7) 


so that the ratio of vertical to horizontal contamination would vary with 
the square of the velocity and be almost. independent of the particle size, 
the coefficient depending inversely as the vertical object diameter or 
width. Thus, the velocity would be proportional to the square root of the 
ratio, being rather insensitive to errors of measurement in either M, or 
My. For very large ratios, the ratio would become more nearly linear with 
the wind speed, while for very small wind speeds the relation should be 
more nearly cubic. 


Assessment of Cloud by Microscopic Observation of Particles 
on Vertical Surfaces 


For each particle of size d, only a fraction E,(d) given by Eq. (1) 
impacts. Thus, to estimate the area dose of the original cloud the number 
of particles f(d)/cm.? in the size range, of which the average is d, should 
be increased by 1/£#,(d). The number distribution in the cloud is thus 
f(d)/E,(d). Hence, one should estimate A by 


= 0.529 © f(d)d*/E,(d) g./em. (8) 


For particles in an intermediate range of sizes we may use Eq. (5) and 


obtain LE, = apUd?/D so that 


0.52D 


A=— a XS, (9) 
and the cloud mass median diameter (M MD) is given by (10) 
MMD 7) 
DX f(d)d = 3 UF@a, (10) 
0 0 
which is a special case of the general relationship defining the MMD: 
MMD o 
DX f(d)d/E£.(d) = 2 & f(d)d*?/E, (a). (11) 
0 0 
If we substitute HZ, from Eq. (1) in Eq. (8), we have (neglecting d/D), 
0. a 
4 = EP ES @/@ + FY fda + 0.5% F faa. (12) 


For very large particles, or high wind speeds, the third term then domi- 


nates and the equation simply states that the area dose is approximately 


equal to the amount collected per cm.’. 
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Assessment of Cloud by Microscopic Observations of Particles 
on Horizontal Surfaces 


We may define Ey analogously to E, as the ratio of My to A, 2.e., the 
ratio of the horizontal contamination per unit area to the area dose. 
Then from Eq. (6) ; 

By = POC. (13) 
Again the number of particles in the size range, of which the average is d, 
occurring per unit area on the horizontal surface is only the fraction 
Ex(d) of that in the cloud passing through space per unit area perpendicu- 
lar to the wind direction. Thus, the number density of the particles of 
size d in the cloud is the observed number divided by Ey or f(d)/Eu(d). 
Thus, the cloud area dose is given by 


A 20s foe Mien? (14) 
or, for d from 1 to 80 zu 
A= 2 Esa, (15) 


and the cloud MMD is given again by Eq. (10). If too many large par- 
ticles are present, Hy must be corrected for by the Oseen correction term. 
In this case, for d from 1 to 400 u 


_ V1 + 5.68pd? — 1 


Be 2.8dU 


(16) 
Essentially the same values have been given graphically elsewhere (11). 
If U isin m/min., d in p, f(d) is the count/cm.?, and if only a small fraction 
of the mass is contained in particles over 100 » in diam., then 


A = 0.0029U > f(d)d mg./m.?, (17) 
and 


Ct = 0.0029 >° f(d)d mg. min./m.?. (18) 


EXPERIMENTAL PROCEDURES 


The experiments were carried out in a wind tunnel, the diameter of 
which was 18’, the working section 4’ in length. The flow was turbulent 
and the concentration was nearly the same at every point in the working 
section. The wind speed was quite constant over a period of time. It was 
generally measured before and after each experiment, and often during 
passage of the aerosol.? 


*In this latter case the pressure difference between the inside and outside of the 
tunnel was measured with a velometer; this had been previously calibrated against the 
wind speed as measured by a precision anemometer. 
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The material atomized was n-butylphthalate with 1 or 5% phenyl-a- 
naphthylamine as a characterizer for analysis ( 12). For the small cloud 
an impinger type atomizer was used. For the other clouds a modified 
Bink’s nozzle was used. For fixed settings, the size distribution of particles 
in the cloud was fairly reproducible. Cascade impactors (13) were used in 
almost every experiment to check the cloud MMD. For a given type of 
cloud, the MMD of each cloud fraction was estimated from microscopic 
observations of the cascade impactor slides. The MMD of the whole cloud 
was determined using these values (14). The distribution of particle sizes 
is illustrated in the following table. 


Sample Distribution of Particle Sizes for Clouds of Various Particle Sizes 


Diam. in » 
Per cent 
Small particle Medium particle ‘Large particle 

clou cloud clou 

5 (0.8) 1.8 5 

10 1.0 2.9 8 
50 4.0 13 28 
90 12 40 58 
98 (20) 55 75 


2 Per cent of mass less than stated diameter. 


The various sampling devices were placed as near to the center of the 
tunnel and as far back as was consistent with keeping the various objects 
separated sufficiently to minimize interference. The filters were always 
operated approximately isokinetically * by fitting glass tubes of various 
diameters to the filter. The inside of the tubes were washed and included 
in the analysis. The flow rates were maintained by calibrated critical 


_ pressure orifices. In general, for long experiments (except for very large 


cloud MMD at low wind speed) the nominal area dose was in fair agree- 
ment with the filter area dose, as well as with that given by the cascade 
impactor. 

The vertical slides (1 X 3”” X 0.05’’) were mounted by placing them 
against a small, flat, sticky surface at the end of a bent rod. Thus, both 
sides could collect adequately. The horizontal slides were set flush into 
a metal plate having a sharpened leading edge. The forward slide was 3” 


from the leading edge and there was }”’ between slides. The forward slide 


- generally contained slightly more material. 


4 By isokinetic sampling is meant that the average velocity in the sampling tube is 


the same as the velocity in the air stream. If the velocity in the sampling tube is much 


greater than the velocity in the stream, then some of the large particles that should have 
entered will fail to enter the orifice of the sampling tube. If the sampling velocity is 
much too low, too many of the large particles will be forced into the orifice of the sampling 
tube due to their momentum. 
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The data relating to the wires were obtained by placing a rectangular 
metal frame, with the various wires stretched across it, in the tunnel. 
Several methods were used for holding the wires in place. We shall de- 
scribe only the final one. This was a rectangular frame made from 3”” X 3! 
steel strip, 10 X 27 cm. inside width. Two cylindrical brass tubes 9 mm. 
outside diameter and 10 cm. long were used both as supports and collec- 
tors. Three 1 mm. wires * 10.3 cm. long alternated with the tubes and 
were set into shallow holes in the frames. These could be removed by 
bending the wires slightly with small forceps. Two smaller sized wires 
were used, one 0.25 mm. and 0.08 mm. These were wound over the frame, 
grooves in the frame keeping them spaced. These were again alternated; 
a total of three pairs each. For tunnel work this random spacing is not 
very important, but for field sampling in a very non-uniform cloud this 
may be important. Wherever quantities of material are given, it will be 
in terms of the sampler described. Even though a different number of 
wires was actually used in a particular experiment, the observed quan- 
tities collected are multiplied by the ratio of the wire length in the stand- 
ard frame to the length actually used. In general, however, one is only 
interested in the amounts per unit area, which are independent of the 
number of wires used in the sampling. 

Every experiment, unless otherwise stated, was run in duplicate and 
the average given. Unless dilutions were anticipated, the wires or slides 
after being removed from the frame or holder were washed in 8 cc. ethanol 
and then removed before color development. The color was developed by 
adding 1 cc. of 50% HCl solution and 1 cc. of diazotized sulfanilic acid 
reagent. A transmission of 50%, using a Coleman spectrophotometer at 
a wavelength of 560 my, corresponds to approximately 10 y of character- 
izer in 10 cc. of the final solution. 

In another set of experiments, the various sized particles on the verti- 
cal and horizontal slides and vertical cylinders were counted with the aid 
of a microscope, after which the amounts of material on the various sur- 
faces were ascertained by chemical analyses. One tube was a 9 mm. 
diameter glass tube sealed and rounded at one end, the other two were 
test tubes 1.8 cm. in diameter with the tops cut off. In each case the tubes 
were set on holders, the rounded ends up, and so held that the tube rested 
on another of the same diameter to reduce edge effects. 


EXPERIMENTAL RESULTS 
Data from the Wires 


The results of the experiments employing wires (and cylinder) are 
presented in Table I. Horizontal slides were included but no counts were 
made. The values given are the percentages of the amounts collected per 


5 The 1 mm. wire was chosen as approximately representing a mosquito body. 
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TABLE I 


Per Cent Area Dose 
Amounts of material collected by various objects in wind tunnel 


Cloud 
0.08 \ 0.25 mm. z 3 riz w rate 
pee Bs Wire. Wire wo Cylinder Ponte ielar ee 
0.9 m.p.h. 
3.3 5.3 1.9 0.53 0.20 0.27 0.3 
7 34 18 8.6 Wee 1.4 2 
10 52 32 13 2.0 3.0 4 
15 75 50 25 4.3 4.4 6 
3 m.p.h 
3.7 34 20 8.4 0.70 0.095 7 
7.5 69 47 25 2.6 0.45 20 
13 89 69 40 7.6 0.85 30 
im 27 93 85 54 15 17 50 
| 
| 8 m.p.h 
| 37 46 31 16 2.1 0.041 30 
| 7.5 65 57 42 11 0.24 90 
13 87 73 53 19 0.23 140 
27 100 84 64 28 0.89 190 


4 This represents the rate of flow necessary to collect an amount of material equal 
to that collected by all the surfaces perpendicular to the wind. 


cm.? relative to the cloud area dose measured by amount collected on the 
filter. The last column indicates the actual amounts collected. This is 
represented by the flow rate through a filter necessary to collect the same 
amount as collected by the wires and tubes. At high wind speeds and large 
cloud MM D’s the amounts collected are equivalent to the amounts col- 
lected at high flow rates. The value of the 11 MD’s of Table I were ob- 
tained by using the cascade impactor as described above. 

Perhaps the chief source of error ° is the non-uniformity of the cloud. 

6 The effect of orientation to the wind was investigated by one experiment in which 
one frame was perpendicular to the wind and the other at an angle of about 45°. The 
per cent area doses from small to large diameter were 71, 58, 31, and 6, for the usual 
position, and 69, 33, 20, and 4, for the frame oriented at an angle to the wind. Experi- 
ments at two different cloud sizes and wind speeds in which the wires in one frame were 
horizontal and the other vertical showed a negligible difference in the amounts collected. 
At low wind speed and large particle cloud size one might expect some settling to occur 
when the wires are horizontal. Unless specified, the results are from wires in the horizontal 


position. 
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The concentration from point to point at any particular instance may 
vary greatly. In general, very short experiments show great variability. 
Furthermore, the wind speed varies both temporally and spatially. Since 
the characterizer decomposes slowly on exposure to air (rapidly in sun- 
light), the samples were analyzed as quickly as possible. 

Some experiments at high wind speeds were carried out for demonstra- 
tion purposes. These were not repeated. The results are given in the first 
three columns of Table II. The values for which the per cent area dose is 
very small are not too reliable, since the amount of material was inade- 
quate for accurate chemical analysis. Several experiments were carried 
out in a miniature wind tunnel with a wind speed of 45 m.p.h. using glyc- 
erol droplets (Table II). The cloud in this case was much more homogene- 
ous than the others used. The 5, 25, 75, 95, and 99% diams. were, respec- 
tively, 1,1.7, 3.7, 5.0, and 5.6 ». Microscopic counts were made on the 
4 mm. tubes. The MMD of the impacted material was 4.0 y; the cloud 
MMD from Eq. (10) was 3.5 p. The amount deposited is correctly given 
by Eq. (5) if a = 40 c.g.s. units. 


TABLE II 


Per Cent Area Dose 
Collection efficiency for various objects in wind tunnel 


Cloud MMD: 2 4 4u 164 2.7 p 
Sampler poe ee ee eee 

Velocity: 15 m.p.h. 14 m.p.h. 14 m.p.h. 45 m.p.h. 
0.08 mm. wire 33 64 106 95 
0.25 mm. wire 22 46 87 49 
1.0 mm. wire 5.4 20 87 20 
4.0 mm. rod — — — 3 
9.0 mm. rod 1.6 2:2 31 — 
Four horizontal slides 0.02 0.045 0.7 _— 
Eq. flow rate (1. /min.) 28 80 340 Se 


Procedure for Estimating Wind Speed, Cloud Area Dose, and Cloud 
Particle Size by Means of Analysis Only 


Wind Speed. If adequate direct values are not available, the wind 
speed may be estimated from the data collected from the 9 mm. rod and 
the horizontal slides. In Fig. 2 are shown the results of a (log — log) plot 
of the ratio of the area dose on a vertical tube 9 mm. in diameter to the 
mass per unit area on horizontal slides against the wind speed for hetero- 
geneous sprays of 4 different sizes. The results are fairly consistent with 
Kq. (7) if @ is set equal to 115 ¢.g.s. units. 

Area Dose. In a previous section it was pointed out that the reciprocal 
of the impaction efficiency may be employed as a factor for determination 
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Fic. 2. The effect of wind speed on the ratio of impaction on surfaces perpendicular 
to direction of wind to settling on horizontal surfaces. Abscissa—wind speed in m.p.h. 
Ordinate: broken curve—ratio of area dose for 9 mm. cylinder (brass) to that on hori- 
zontal slide (Table I, cf. Eq. 7) ; solid curves—ratio of area dose on vertical slide (1 x 3’’) 
to that on horizontal slide (Tables VI and VIII). 


of area dose. In Fig. 3 are shown the results of plotting the area dose 
factor for an 0.08 mm: wire against the ratio of the area dose for the 0.08 
mm. wire to the 0.25 mm. wire, and a similar plot using the wires of 0.08 
and 1.0 mm. diam. (cf. Fig. 1). Experiments were carried out at 3 wind 
speeds and sprays of different particle size (the smaller ordinate at any 
wind speed is obtained with the larger sized cloud). The plot is nearly 
independent of wind speed and particle size. Only a very rough estimate 
of the wind speed is sufficient to make the estimations. 
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Determination of Ct. When the wind speed and area dose have been 
determined the Ct is obtained from the area dose divided by wind speed, 
using appropriate units. 


AREA DOSE RATIOS 
top) 


we iW aS Sel 20 
AREA DOSE FACTOR FOR 0.08 MM WIRE 


Fia. 3. Curves for the estimation of the area dose factor H- for the 0.08 mm. wire 
from which to obtain the cloud area dose. Abscissa—area, dose factor. Ordinate— 
ratio of area dose on 0.08 mm. wire to area dose on 0.25 mm. wire (broken curves) or to 
area, dose on 1.0 mm. wire (solid curves). Data obtained from Table I. 


Estimation of the Mass Median Diameter of Cloud. Having obtained the 
area dose, the per cent area dose of the wire may be computed. From this 
the mass median diameter (IMD) of the cloud may be determined. 

In Fig. 4 is a plot of per cent area dose vs. cloud MMD for wind speeds 
of 1, 3, and 8 m.p.h. using a 0.25 mm. wire and a 9 mm. rod. It is to be 
noted that, if the MMD is large or the wind speed higher than 1 m.p.ha 
the curves are too flat for reliable calculations. The 0.08 mm. wire would 
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PER CENT AREA DOSE 


S aS 1 10 20 30 
CLOUD MMD IN MICRONS 


Fic. 4. Per cent area dose collected by 9 mm. cylinder (solid) or 0.25 mm. wire (solid) 
as a function of cloud MMD in u for various wind speeds (Table I). 


be of use only for very small MMD’s and low wind speeds (figure not 
shown). 

Since the determinations of wind speed and area dose by the methods 
Jescribed above are practically independent of the MD of the cloud 
shey are also fairly independent of the shape of the size distribution curve. 
But determination of the 14M D is necessarily dependent on the size dis- 
ribution to some extent. 

Alternate Procedure for MMD Determination. The above procedure is 
nost satisfastory for high wind speeds and large particles. An alternate 
rocedure is satisfactory for wind speeds of 3-8 m.p.h. This utilizes the 


116 H. D. LANDAHL AND R. G. HERRMANN 


type of relationship shown in Fig. 1 in which the MMD is plotted against 
the ratios of the area doses on the various wires. This is illustrated graph- 
ically in Fig. 5. Intermediate wind speeds require interpolation. 

Vertical Deposition. The deposition on the wires may be used directly 
to give an estimate of the contamination to be expected on fairly smooth 
vertical surfaces. For objects larger than the cylindrical tube, one may 
expect that the contamination would be very roughly inversely propor- 
tional to the diameter. In some instances a knowledge of this factor may 
be of primary interest. 


CLOUD MMD IN MICRONS 


2 ey i Ly 7K 10 20 30 40 
RATIO OF AREA DOSES 
Fic. 5. Curves for estimating MMD of cloud from ratio of area dose of 0.25 mm. 


wire (solid) or of 0.08 mm. wire (broken) to area dose on 9 mm. cylinder. Data from 
Table I. 


Ground Contamination. For some purposes this may be of primary 
interest. Evidently, the horizontal slide area dose at ground level is a 
direct measure of this quantity. Similarly, the horizontal slide measure- 
ments at any other level are direct measures of horizontal deposition on 
horizontal objects at the corresponding height, provided that the size of 
the object is not too large or too small as compared to the slide holder used. 

Illustration of the Use of Wires for the Assessment of a Cloud of Par- 
taculates. Two examples are given in detail to illustrate the procedure and 
to indicate the amounts of material analyzed chemically. Data and results 
of computations are given in Tables III and IV. In Run A no cascade 
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TABLE III 


Amounts Collected by Various Surfaces under Two Experimental Conditions, Used to 
Illustrate the Assessment of a Particulate Cloud without M acroscopic Observations 


Run Az Run Be 
Sampling surface 
Mg. 
colleniad mg./em.? pe ee ee mg./cm.? Olin 
0.08 mm. wire 0.96 2.00 91 0.22 0.458 104 
0.25 mm. wire 2.80 1.87 85 0.67 0.447 101 
1.0 mm. wire 3.81 27 58 0.98 0.326 74 
9 mm. tube 1.61 0.226 11 0.93 0.103 24 
2 horizontal slides 0.26 0.0068 0.31 0.35 0.0052 1.8 
Filter (17 1./min.) 2.8 2.20 —_ 0.46 0.44 — 
Nominal — 2.65 — — 0.64 —- 
Cascade a — — 0.56 0.53 — 


| ¢ Wind speed 5 m.p.h., cloud MMD 8-10 uy, filter Ct 165 mg. min./m.*, area dose 2.2 
/mg./cm.?, 1% characterizer. 

> Wind speed 4.8 m.p.h., cloud MMD 19-23 u, filter Ct 34 mg. min./m.%, area dose 
0.44 mg./cm.?, 5% characterizer. 


} 


TABLE IV 


Assessment of the Two Clouds of Table III by Graphical Method 
without Microscopic Observations 


Run A Run B 
| Cale. wind speed 6.8 m.p.h. 6 eem:piht 
| Calc. area dose* 1.9 mg./cm.2 0.34 mg./em.? 
Cale. area dose? 1.8 mg./em.? 72.2 0.49 meno 
Cale. area dose* 2.8 mg./cm.? 0.49 mg./cm.? 
Cale. average Ct 120 mg. min./m.? 32 =mg. min./m.3 
MMD of cloud¢ 12 27 
M MD of cloud | 10 nu a m 
MMD of cloud’ 8 22 


« From area dose factor for 0.08 mm. wire vs. ratio of area dose on 0.08 to that on 
0.25 mm. wire (Fig. 3). 

> From area’ dose factor for 0.08 mm. wire vs. ratio of area dose on 0.08 to that on 
1.0 mm. wire (Fig. 3). 

¢ From area dose factor for 0.25 mm. wire vs. ratio of area dose on 0.25 to that on 
1.0 mm. wire. 

4 From per cent area dose on 9.0 mm. rod vs. MMD of cloud (Fig. 4). 

¢ From MMD of cloud vs. ratio of area dose on 0.08 mm. wire to that on 9.0mm. rod. 

From MMD of cloud vs. ratio of area dose on 0.25 mm. wire to that on 9.0 mm. 


rod (Fig. 5). 
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impactor was used. The atomizer was set to give a cloud whose MMD 
was from 8 to 10 uw. In Run B the percentages of material collected on 
slides A to D of the cascade impactor were 63, 31, 3, 3, and 0 on the 
impinger, only the first two figures having an adequate amount of ma- 
terial to analyze chemically. This indicates a cloud MMD of 19-23 u in 
Run B. A longer run at the same settings gave a MMD of about 19 yp. 
In Run A, the wind speed was set shortly before the run, while in Run B 
a number of readings were taken at intervals just before and after the 
passage of the aerosol cloud.’ 

To check the effect of a more heterogeneous cloud, one may assume 
that Runs A and B were made in succession, and that the samplers col- 
lected from both clouds. The following results were obtained, assuming 
that Run B was 4 times as long, so as to get roughly equal amounts from 
each cloud. Thus, the average wind speed was 4.84 m.p.h., the area dose 
4.0 mg./em.2, the cloud MMD 14 u and Ct about 300 mg. min./m.* The 
corresponding calculated averages are 5.5, 4.3, 15, and 290. 

Computed Impaction Efficiencies of Wires. The impaction efficiencies 
of the several wire sizes have been given in Table I. Using impactor data 
for the size distribution and the measured wind speeds, the theoretical 
efficiencies have been computed from Eq. (1), using a = 0 and a = 100 
c.g.s. units. Since the wires are small enough for the particles to be of 
comparable size, the term d/D is used, where d is the particle diameter 
and D the wire diameter. This assumes that any particle touching a wire 
is retained. 

Comparing the values in Table V with those in Table I, one finds 
satisfactory agreement, except for the small cloud at the low wind speed. 
Computations for the horizontal slides, using Stoke’s law with Oseen’s 
correction and assuming non-turbulent settling, are also included. 


Data on Slides, Test Tubes, and Rods Involving Microscopic 
Observations and Chemical Analysis 


Horizontal slides, vertical slides, and vertical tubes were placed in 
the wind tunnel and clouds of various sizes were set up at each of 3 wind 
speeds. Microscope slides were used, since they are readily available in 
the field, while the test tubes (1.80 em. diam.) and rods, also fairly avail- 
able and not too difficult to count microscopically, were used since they 
need not be oriented to the wind. A number of trials indicated that the 
amount deposited on a vertical slide does not change much if it is oriented 
within 30° to the wind. 


"It may be pointed out that in Run B only one wire size collected less material than 
the filter or cascade, the total collected on the wires being 6 times that on the filter 
(17 1./min.). The smaller the cloud size and the less the wind speed, the less the wires 
collect relative to the filter. The per cent of the filter area dose is listed for completeness 
in Table ITI, but the values are not used in the computation given in Table IV. 
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TABLE V 


Per Cent Area Dose Calculated from Eq. (1) with « = 100 c.9.s. Units 
and a = 0 or from Stoke’s Law 


(Data in Table I) 


At several wire diameters 
Cloud MMD 


Horizontal 
in yp slides 
0.08 | 0.25 | 1.0 9.0 
0.9 m.p.h. 
3.3 21 7 2 0.25 0.4 
7.0 43 19 6 0.8 1.4 
10 53 30 13 2 4 
15 62 37 19 4 6 
3 m.p.h. 
| 3.7 34 | 20 5 0.9 0.15 
: 7.5 60 37 17 3 0.6 
13 81 56 31 8 2 
: 27 (101) 74 46 19 6 
: 8 m.p.h. 
| Sa 42 25 12 1.8 0.06 
7.5 67 42 26 6 0.26 
: 13 86 57 40 16 0.9 
| 27 105 72 54 26 3 


~ Each pair of slides and test tubes was counted when possible. Focal 
length ratios were determined for each slide (13). An attempt was made 
to collect enough material to analyze without overloading the slide. The 
9 mm. tube was generally too heavily loaded to be counted, so short 
(time) samples were taken. At the low wind speeds, the vertical samplers 
were run about 10 times as long as were the horizontal slides, to get enough 
material to analyze (runs 16-21, 1 m.p.h.). This is indicated by the 
numbers in parentheses in Table VI under “‘time of run.’’ Cascade im- 
pactor samples were taken for most runs. The MD’s from these are 
listed in the table. Values in parentheses are nominal values. 

The area dose in mg./cm.? as determined from the filter sample (iso- 
kinetic sampling), cascade impactor, and from the amount put out by 
the atomizer (nominal), are listed in Table VI. In the columns headed 
“per cent analytical” are given the ratios in per cent of mg./cm.? collected 
to the filter area dose. Samples for which the transmission readings were 
above 85% are listed to one significant figure. The last two columns of 
Table VI will be discussed subsequently. 


LANDAHL AND R. G. HERRMANN 


H. D. 


120 


18 98 uve 6'0 A100°0| 20 | #¥F 860 SI | 61 
AST (2) os LOT | 82'T 2 Or og 
(,,09) | 29 

th == 901 6Z OT = o¢0 | L ZI 260 2e oe oe 
9 os 99T | SFI 8Z rI 92 
9¢°0 |@ 00°0| 610 68 

OOT 00Z} 16 (0g) F10 A 60°0 CF £60 GI | 81 
SS +90 OF'0 | 820 eT rr'0 90°0 LY 
= 9¢°0 9% 

Ge = 69 (83) Z1'0 — | 79001 $z 96'0 €I | 91 
ee +90 08°90 | 260 CIT 80 9% 
6£0'0 610'0 £20 

— = — — — €6°0 | (0g) II 
10% v6 | — 729 | 880°0 8Z0'0 == O10 220 
= — 61'0 

cE (02)| ¥¥ 800°0 G00'0| (10° )| 80'0 18°0 | (08) Or 
8 vt sss LCs C10.) (10° ) GZ'0 
ass ST‘0 120 

— (O1)| 82 90'0 $00°0 | ¥Z0'0 | I¢'0 £6°0 oe 6 
iS VP ey v9 600 IT‘0 820 

Lei, “SA SH ‘TON | epeoseD | s0qIq ad Nope os oe Lal fcr? ate ia 
uni jo vode | GW | ‘ou 
owt, Lee pao | uny 
cannons eae z°U0/ "SUL UI BsOp Bary ten aqny 4sa,, Opl[S [¥O}IA A pls [vy UOZIIOFT : 


Jeuuny puim ut syoafqo snorea Aq poeqda][0o [et19}eUI Jo syuNOUIY 
aso DaLV JUID lag 
IA WTdVL 


121 


LIQUID AEROSOL SAMPLING 


— gc 02 SZ 
2g 98 | I6 9g 0g 1% bls LEARNT 
PL | 267 PIT OCF Tt 66 ec 61 

— SZ ST 10'T 
— = = 20'S GI | 02 
6 9°°% ZOOS PS i SZ gE Cl 180 
9°01 eg 9% CT 
02 te | 29 Nee cy €8°0 Go'e co) ia Wan 
wl | PLT OFT | @I | 98 Us oe GT 
62 raat eZ 
— 99 | 08 VT 080 91g II I 
W0E | 97'S 681 1 See | 62 ZT VS 
610 910 
ze g +9 60'0 co';0 | 10] Sto Le or 9 
KS VP eg e9 | £9°0 02'0 810 
— 080'0 OT'0 
61 ¢ oP G0'0 +00 | 080°0 | 60'0 cI CP S 
nS tPF Os |) TOT 1227/0 280'0 r1'0 
d 26 (,,9S) 0% |d Z1'0 pe 
ee 68 Whe OT 4900} sro} 2g £0'T 9% | 12 
Lt (9) Ze ell | got 6S ae | TL 
LL ‘SA ‘SH qwox | epeoseg | sory aba are Ty el Uiyas ee) eas oe! 
uni jo ut es aqNnw ‘Ou 
awly, ee ms pno[D uny 
ody’ 2,; a ae 2°W0/*BUL UI asop Bory Meee eqn} 4se 7, Opl[s [VOIQIOA epl[s [wyuOZIOFT iY 


G. HERRMANN 


LANDAHL AND R. 


H. D. 


122 


> 6I eB 
9¢ SFI VET v8 9T GL v6 0 LL 0€ or 
WOT S30 | 880 | 660 OF 92 6°91 
sr 8Z 9T 
cL‘ | &ST G6 lal IZ 6L'0 Ort 92 Ce Lal 
WOT ¢3°0 0L°0 OT vE 81 VG 
ae ve Lg 
SP 86 bY ST 9@ eT IF0 68 Or v 
uG 920 980 | 99°0 88 6€ SV 
(ats 8S | 68°70 
VE OOT ES ST LT 30°0 €8 ial € 
WG 6&0 Sv'0 TT 8g 0O'€ 9@ 60 
8€°0 8€°0 ¢€0'0 
Or al LOT &6'0 STO 40°0 GL | (OF) 8 
iG 6% ai 09 | G&T 0g°0 vE'0 400 
= ———— 
cr'0 bP 0 
9 Al vg 820 9€°0 Z0°0 | 620°0 GL Or ZL 
iG v6'% Lv ee | Sie L¢°0 Fr 0 
Ls LG GG 
OL €L raat oS L@ 9€ SITS 96 €I 
vt Le'T 960 | OLT 1 6¢ 9L Vg OT 
a, ‘SA ‘SH ‘UION | epeoseg | s0zTIYy Way yunog TENG yunody ‘yeuy ERS) ‘euy 
eee zi) % % % % Yo % cecitie | ee 
owty, is ace pnolD uny 
eee Habe z°Wo/*SUI UL asop Bay eyN 9qn} 4Sa,7, Ops [BI1}10 4 OPIS [BPUOZTIOFT : 


panuyuej—lIA ATAV.L 


ae 


LIQUID AEROSOL SAMPLING 123 


If the flow is smooth in the immediate vicinity of the horizontal slide 
(set flush in a metal plate), then the Ct (and hence area dose times wind 
speed) should be the same for any wind speed. For homogeneous clouds, 
the amount collected should be proportional to the settling rate, which, 


in turn, is proportional to the square of the particle diameter. Since these 
' clouds, as would generally be the case in field trials, are not homogeneous, 


the relationship need not be quite parabolic. In Fig. 6 are shown the 
values from Table VI, with per cent area dose times wind speed plotted 


a N 


(My/A)/U 
ow 


(M/A) U 
iv 


H.S. 


V.S. 


2 oF 456i 4B) 10 20 30 40 
CLOUD MMD IN MICRONS 
Fia. 6. Ordinate—broken curve, per cent area dose on horizontal slides times wind 
speed in m.p.h. (Tables I, VI, and VIII); solid curves, ratio of area dose on vertical 
slides to wind speed in m.p.h. (Tables VI and VIII). Abscissa—M MD cloud in p. 
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against cloud MMD. The results of duplicate experiments are averaged 
and, to some extent, weighted by the duration of the experiment. One will 
notice considerable variability, but no marked trend with wind speed. 
Included in this figure, are also values given in Table I as well as data 
from Table VIII, to be discussed subsequently. 

Also shown in Fig. 6 are similar data from the vertical slides (from 
Tables VI and VIII), except that the ordinate in this case is the per cent 
area dose divided by the wind speed. The ratio increases with the wind 
speed for each cloud size. This can be accounted for qualitatively by Eq. 
(1) since, for a small per cent impaction, the ratio should increase with 
wind speed. 


TABLE VII 


MMD of Impacted Material and Estimated MMD of Cloud 
For data of Table VI 


MMD of material deposited MMD of cloud calc. from deposit 
Run | Cloud ped ee 
no. | MMD | on. | 
Horizontal} Vertical Test | Vertical] Horizontal] Vertical] Test | Vertical 
slide slide tube rod slide slide tube rod 
9 3.0 | 0.93 19 15 7é — 5.5 3.3 1.0 — 
10 (3) 0.87 9.5 14 ll 8 3.6 3.9 3.0 4 
16 13 0.96 36 — 28 41 17 — 13 21 
18 15 0.93 27 —B, 34F| 38 — 14 zg 26 — 
ep || Paes 0.92 45 — 46 — 26 — 34 — 
19 18 0.98 31 35B, 57F| 50 48 22 24 38 39 
Pall 27 1.03 (35) 27B, 58F| 48 (22) 19 44 — 
5 4:27) 3.15 21 33 30 — 5.4 15 26 = 
6 4,2 | 3.17 24 38 34 17 5.3 28 24 2 
1 11 3.16 34 47 — — 14 30 — “a 
2 15 3.05 33 43 54 25 18 34 39 22 
12 PA 3.14 48 55 54 — 28 49 45 a 
13 26 3.15 56 58 49 32 31 48 39 25 
Uf 4 7.2 19 34 31 18 9 22 18 13 
8 (4) dao 21 29 26 — 8 21 ee = 
3 14 8.3 22 19 38 19 14 24 23 18 
4 10 8.2 29 21 28 — 15 23 17 == 
14 30 7.6 43 Ue 61 — 24 50 40 aa 
5 30 Let 54 68 48 31 27 42 33 21 
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TABLE VIII 
Per Cent Nominal Area Dose 
Nominal Wind . 4 : ‘ , 
ploud size |. speed pec tileacice prettier runnin) | Ratio es 
38) 0.93 0.58 0.012 0.083 22 15 0.037 
0.68 0.035 
14 0.94 2.00 0.12 0.24 6.4 26.4 0.053 
2:52 
24 0.84 2.84 0.21 0.59 6.4 ile 0.059 
3.30 0.15 0.64 
4 3.11 0.14 0.14 22 15 1.00 
0.11 0.11 
14 3.08 1.03 1.68 3.35 6.4 29 (ee 
0.86 1.62 4,22 
on 3.19 ‘eal Sure 6.4 1.2 2.4 
1.4 Bee 
4 7.0 0.075 0.48 0.80 22 15 6.9 
0.065 0.48 0.81 
14 7.1 0.47 8.27 6.4 29 16.0 
0.52 7.49 
27 7.0 0.91 15:5 Son 0.5 asa 
1.23 17.1 


VS—Vertical slide. HS—Horizontal slide. Nominal AD—Output area dose in mg./cm.? 


The data from the test tubes can be similarly graphed. Unlike the 
data from the vertical slides, the effect of wind speed is not apparent. 
This may in part be due to settling on the rounded top of the tube which 
would be greater at low wind speeds. If one obtains ratios of per cent 
impaction on test tubes to that on vertical slides it will be found that the 
ratios increase with wind speed (roughly 0.3, 0.6, 0.9 for 1, 3, and 8 
m.p.h.). However, this effect does not enter into the microscopic counts 
and should be taken into consideration when comparing the amounts on 
the test tubes as estimated from the microscopic counts with the amount 
determined by chemical analysis. 

In Table VII are listed the MMD’s of the material on the slides and 
cylinders as well as the MMD of the cloud estimated, assuming Stoke’s 
law of settling, and assuming that the impaction efficiency is proportional 
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to pUd?/D. The horizontal slide gives a fair estimate of cloud MMD, 
though it is somewhat large for the cloud with the smallest particles. This 
may in part be due to evaporation of the very small droplets, as well as 
to the tendency to overlook very small droplets in counting. On the other 
hand, the other estimates are generally very high. If Eqs. (12) and (11) 
are used, but with a = 150, the agreement is much improved. In all cases, 
as expected, the MMD of the collected material is considerably greater 
than that of the cloud. It may be pointed out that, if MgO or carbon 
coated slides were used, the interpretation of the results would be espe- 
cially difficult since in > fd, the small particles contribute considerably. 

If one plots the ratio of material on the vertical slide to that on the 
horizontal slide (Table VI), one finds a marked dependence upon wind 
speed, but a relatively minor dependence upon the particle size of the 
cloud. This relationship is included in Fig. 2. Since there were a consider- 
able number of objects in the wind tunnel, and the vertical and horizontal 
slides were not too close together, another set of runs was made, in which 
the vertical slides were directly behind the horizontal slides and about 
1-1.5 in. above and behind the latter. These were not counted, so that 
considerably longer runs were possible. Generally, in longer runs, the 
filter and nominal are almost equal, except for a cloud of very large par- 
ticle size at low wind speed. No filters were used, so that all values (Table 
VIII) are in per cent of the nominal. These ratios are also given in Fig. 2, 
differentiated from the former by bars through the points. The value of 
a from Eq. (7) which is most consistent with these data is 60 c.g.s. units. 
However, it varies with wind speed and cloud M MD, increasing with both. 

In Table V are listed also the area doses as determined from the 
counted mass. The two duplicates were computed as a unit, except where 
the focal length ratios differed considerably. These values are very erratic, 
indicating the difficulty of estimating the mass by counts. This is to be 
expected, since all errors in measurement of the diameter are cubed. 
Furthermore, since a few large particles appreciably influence the mass, 
the sampling errors are serious. For most slides about 200 or more par- 
ticles were counted, and an attempt was made to sample a considerable 
number of fields in various parts of the slide in a regular manner. In the 
case of the test tubes, and rods, it was necessary to count a complete ring 
around the tube. Only a few such annuli were taken; in some cases, only 
one. To increase the stability of the count without appreciably increasing 
the effort and time, two (or generally many more) times as many fields 
were counted to estimate the droplets larger than an estimated MMD. 
The primary area counted generally was about 10-50 mm.*. In most 
instances there were from 20 to 30 class intervals. Precautions were taken 
to avoid overloading the surfaces. The vertical cylindrical tube (9 mm.) 
was most likely to have too great a density of particles. 
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The vertical slides were mounted so that there was practically no 
obstruction in the rear. In most cases, only the front surfaces of the ver- 
tical slides were counted. However, at 1 m.p.h., there was a considerable 
mass on the back surface, necessitating separate counts from both front 
and back. At 3 m.p.h., a small amount could be noticed on the back. The 
amount was too small to affect the mass estimated by microscopic counts 
or the slide MMD, but it could have some effect on the estimated cloud 
MMD. This point will be discussed in the subsequent section. For Runs 
9 and 10, there is no record as to whether the surface counted was the 


front or back. 


In the third from the last column of Table V are given the area dose 
as determined by Eq. (15), as a per cent of the area dose obtained by 
averaging the results from the filter, cascade impactor, and nominal (% 
F,C, N). Actually >° fd was determined from > f(c)c. g where f(c) repre- 
sents the actual counted frequencies of apparent diameters equal to a 
circle number c (Patterson graticule) and g is the product of the focal 
length factor times the number of microns in the diameter of the unit 
circle. 

In the last two columns are given the values computed from Eq. (9) 
using the vertical slide and test tube data. For the slides, a was set equal 
to 30 c.g.s. units and for the test tube a was set equal to 50 c.g.s. units 
(see below). The results suggest that the small particles should be given 
even greater weight than is given by Eq. (9). Even if Eq. (1) is used with 
modified coefficients, the small particles are not sufficiently weighted in 
many cases. However, one should keep in mind that, in counting a wide 
distribution of particles, the small particles tend to be overlooked. 

It may be pointed out that, at either high or low wind speed, the 
vertical or horizontal slides may be overloaded, but not likely both. Thus, 
generally one or the other will be satisfactory for counting. 

If the area dose and wind speed are known, then Fig. 6 enables a 
fairly good estimate of the cloud MMD to be made without microscopic 
counts. 

Distribution of Material on Slides. The values in Table IX for the per 
cent of material on the back of the vertical slide from a limited number 
of experiments indicate how the material is distributed. Each figure for 
relative amounts was determined from the average of three slides. Inspec- 
tion of individual slides shows even more marked variations. The figures 
are generally averaged from several slides unless a range is given. 

Impaction and Settling Coefficients ao and 8 Calculated from Data or 
Vertical and Horizontal Slides. The quantity a in Eq. (1) may, in general, 
depend on any of the variables, but, according to the Sell theory, depends 
only on shape unless the efficiency becomes too large, since #, < 1.00 
except for very small objects. Using the data from the cascade impactor, 


128 H. D. LANDAHL AND R. G. HERRMANN 


TABLE IX 
Distribution of Material on Back and Front of Vertical Slides 


Approximate cloud size 4 14 25 
% Mass on back 
—90 70-80 37-66 
3 CAN or 4 1.4 
Slide MMD 14 B 22 B BL Be 
1 m.p.h. 1S aaa: 43 F 58 Fe 
14, 7 24 T 40 T 
Sy 185 19B 24 B 
3 m.p.h. 40 F 45 F SC Be 
350en 44 T yf AD 
Cloud MMD 44B 16B 19B 
1 mp.h. (ga) kg & 32 F 50 F 
4.6 T 18 T Aap 5k 
in 8 16 B 16B 
3 m.p.h. Piffem \i 32 Fe 30 F+ 
BP WAR 31 T 30 T 


B—Back. F—Front. T—Total. 


2 These values are also given in Table VII. 


the size distribution of particles in a cloud was determined. From the 
microscopic counts on the sampling devices and the chemical analysis for 
the total material collected, the distribution of particle sizes collected on 
a vertical slide was determined. From these two distributions the ratio of 
the amounts of material in a given size range is the impaction efficiency 
for the vertical slide. From this ratio, ao in Eq. (5) was determined. This 
process was repeated for each size interval of each type of cloud and wind 
speed. The results are given in Table X for the data from the vertical 
slides. Similar results for the vertical cylinders (test tubes, 1.8 cm. diam- 
eter) are given in Table XI. The rather large values of ao for small 
diameters at 1 m.p.h. may be due to diffusion. The results for the 0.9 cm. 
vertical rod were more variable because the analyses were not run in 
duplicates, the counts were less complete, and many of the computed 
samples were short samples in separate runs. The results (not shown) were 
very similar to the data from the 1.8 cm. glass cylinders. 

According to the calculations of Sell, a flat plate should collect more 
efficiently than a cylinder by an appreciable amount. The results here 
would indicate that the efficiency is slightly less. Arithmetic averages for 
ao from vertical slides, test tubes, and vertical rods are 5 X 10-7,8 X 107% 
and 12 X 10~" in field units, or 30, 50, and 70 c.g.s. units. 
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In a similar way the efficiency of collection of the horizontal slides can 
be estimated. In this case the efficiency, Ey, is defined as the ratio of the 
horizontal speed (wind speed) to the vertical falling speed. Using the 
cascade impactor data to determine the original cloud distribution, the 
counts and analysis to determine the slide distributions, the efficiencies 
for various intervals of sizes were determined. These are shown in Table 
XII. There seems to be no striking trend with respect to size or wind speed 
or original cloud MMD. An arithmetic average for 6 is 2.8 X 105 c.g.s. 
This is in satisfactory agreement with the expected figure, 3 X 105, from 
Stoke’s law. The values of 6 are somewhat lower for small sizes. This may 
be due partly to evaporation and coalescence of small drops. Note that 
the computed MM D’s of the clouds given in Table VII were too high for 


TABLE X 
Calculated Values of ao in C.G.S. Units for Vertical Slides (2.54 cm.) 


1 m.p.h. 3 m.p.h. 8 m.p.h. 
dinyp ——_.] 

4 14 24 4 14 27. 4 12 30 

2 10 == = 0.4 —_— 
3 15 88 — 1 2 — — — — 
5 24 100 = 2 5 — 0.4 — —_— 
10 19 57 50 3 3 2 3 24 — 
15 22 31 — 4 16 — 15 62 — 
20 — 48 48 16 55 4 22 80 20 
30 — 10 22 — 55 22 35 68 48 
40 = — 14 — 31 57 31 24 53 
50 a = == — = 88 — — 57 

TABLE XI 


Calculated Values of a in C.G.S. Units for Vertical Glass Cylinders (1.8 cm.) 


1 m.p.h. 3 m.p.h. 8 m.p.h. 
din KX 

4 14 24 Es 14 27 4 12 30 

3 84 26 — — — — — — — 
5 99 90 == — — — — —_ — 
10 26 84 20 1 0.4 4 7 35 53 
15 29 48 — 4 5 == 18 57 == 
20 26 55 22 26 18 24 22 44 59 
30 _ 31 40 — 48 59 26 35 66 
40 — 44 62 — 79 73 — 22 77 
50 — —— 75 — 106 114 — — 81 
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the cloud of small particles. The value of @ in field units may be obtained 
from c.g.s. units by multiplying by 6.0 x 10-°. 

In the above calculations, the error for small particle size is chiefly due 
to the microscopic count, while, for large particles, it is largely due to un- 
certainty in the original distribution determined by the cascade impactor. 
In each case, at least one interval has been omitted at each extreme, but 
still the first and last entries given in Tables X—XII tend to be unreliable, 
even as to order of magnitude. 


TABLE XII 


Settling Coefficient 8 X 10-5 in C.G.S. Units from Horizontal Slides 
(From Stoke’s law 6 = 3 X 105) 


1 m.p.h. 3 m.p.h. 8 m.p.h. 

431. |_ Oe 
a 14 24 4 14 27 4 12 30 
2 1.6 U0 — ila? pea — 0.3 — — 
3 2.2 2.2 — 2.2 et — 0.6 — — 
5 2.9 3.4 — 2.7 2.1 — 1.4 2.0 — 
10 1.5 Sih 4.1 1.6 6.0 1.6 2.0 6.8 4.5 
15 1.9 3.9 — 1.5 4.7 — 1.4 8.1 — 
20 Wael 4.0 4.7 5.1 4.7 2.0 1.3 4.7 3.5 
30 — 3.4 5.1 — 2.8 1.9 1.5 3.4 3.0 
40 — 2.4 3.0 —_ 1.8 ere — 1.3 2.7 
50 — — 1.9 — — 2.1 — — 2.7 
70 — — 1.8 — —_ 3.1 —. — = 


At 1 m.p.h., the variability from slide to slide is evident from inspec- 
tion of the slides. In the case of the test tubes, an appreciable amount of 
material was present on the rounded top, a large part of which may be 
due to settling. This affects the chemical analysis. In the case of the verti- — 
cal slides, a large fraction of the material is on the back surface. This is 
included in the figures in Table XII. Even at 3 m.p.h., this effect is appre- 
ciable with the cloud of the smallest particle size. Since the particles on 
the back are smaller, an estimation of cloud size from the front surface 
alone may be very faulty. 

“Smallest” Particle Impacting. Some idea of the diameter of the small- 
est particles impacting is given in Table XIII. The size, below which 
there were 10 particles counted, was estimated for each slide and cylinder. 
Generally there were two slides or cylinders counted for each of two runs. 
The value for the second smallest is given in the table as the “smallest” 
particle impacted. Since generally about 250 particles were counted on 
each slide, this value corresponds to the twentieth particle out of one 
thousand or to the 2% of the number distribution. Included in the table 
are also the median diameters of the particles counted, and a measure of 
the mass distribution. 
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“Smallest” Particle Impacted on Vertical Slide or Cylinder at Various Wind Speeds 


“Smallest” particle 


Wind Cloud diameter in 4 


speed MMD 


Smallest pd?U/18nD 
in ¢.g.s. units 


ppb. ee Vertical 1.8 cm. Vertical 1.8 cm. 
slide cylinder slide cylinder 
1 3 1 1 0.0001 0.0001 
1 14 1 1 0.00005 | 0.0001 
1 24 3 3 0.00005 | 0.0006 
3 4 1 3 0.0002 0.002 
3 13 15 15 0.004 0.05 
3 27 20 UW7/ 0.07 0.07 
8 4 4 3 0.008 0.006 
8 12 it 7 0.06 0.03 
8 30 14 9 0.09 0.05 


Median diameter 


Standard 
deviation, 
cylinder 
Vertical 1.8 cm. or slide 
slide cylinder 
1e5 1 0.28 
10 7 0.29 
11 26 0.26 
di 18 0.23 
20 34 0.19 
45 34 0.16 
16 15 0.21 
18 2% 0.20 
36 24 0.20 


¢ Standard deviation of the logarithm of the mass, a quantity approximately nor- 
mally distributed. At 1 m.p.h. the curves were noticeably concave downwards when 


plotted on log—probability paper. 


o 
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Fic. 7. Efficiency of impaction, £, of droplets on cylinders (solid curve) and in bent 
cylindrical tubes (broken curve) calculated as a function of pd?U/18nD. 


SUMMARY AND CONCLUSIONS 


Experiments have been carried out using wires, horizontal slides, 
vertical slides, cylindrical rods, and test tubes as devices for sampling 
liquid aerosols. By chemically analyzing the amounts of material collected 
by wires and horizontal slides in a wind tunnel, one is enabled, without 
microscopic observations, to estimate wind speed, area dose (and hence 
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Ct) and particle size in addition to contamination on horizontal and ver- 
tical surfaces. For wind speeds ranging from about 1 to 8 m.p.h., and 
clouds having mass median diameters in the range about 4-30 yp, the wind 
speed can be estimated fairly satisfactorily from the ratio of the amount 
impacting to that settling. If the wind speed is fairly high and the particle 
size of the cloud is large, the area dose can be obtained very satisfactorily, 
but the estimation of the particle size becomes inadequate. However, the 
method could probably be altered to increase the range. On the other 
hand, if the wind speed is very low and the MMD of the cloud is small, 
then both estimates are unsatisfactory and increasing the range would 
probably be difficult. In any case, the estimation of particle size depends 
to some extent on the actual distribution of particle sizes in the cloud. 

To test the adequacy of sampling aerosols by microscopic observations 
alone, horizontal and vertical slides, and vertical cylinders were exposed, 
together with filter and cascade impactor samplers, to clouds of aerosols. 
After the microscopic counts were made, the material collected by the 
various samplers was chemically analyzed. The amount of material was 
calculated from the microscopic counts and this result compared with 
the chemical analysis. The agreement evidently depends upon the extent 
of the microscopic observations and the method of sampling. Unless fairly 
extended and careful observations are made, the calculated values for 
the amounts of material deposited will be accurate only to an order of 
magnitude. 

From the number of various sized droplets found on a horizontal slide, 
one can calculate, using Stoke’s law of settling, the area dose, the Ct, as 
well as the size distribution of the cloud. The area dose and the cloud Ct 
are very easily obtained from Eqs. (17) and (18), and the MMD of the 
cloud is obtained from Eq. (10) with very little additional computation. 
A knowledge of the wind speed gives the area dose. The wind speed may 
be estimated by calculating the amounts of material deposited on the 
horizontal slide and comparing that with the amount deposited on a ver- 
tical slide. The calculated amount on the horizontal slide referred to a 
unit area is a direct estimate of contamination on horizontal surfaces at 
the particular height used; e.g., ground contamination if the slide is on 
the ground. In most instances the estimation of cloud Ct and cloud MMD 
was found to be fairly satisfactory. 

If it is assumed that the fraction impacted on a vertical surface is 
given by apUd?/D (a a coefficient, p the density, U the wind speed, d the 
particle diameter, and D the width of the vertical object) then the cloud 
area dose times wind speed and the cloud mass median diameter can be 
calculated from the microscopic counts. A knowledge of the wind speed 
then enables one to compute the area dose and the Ct. The latter will be 
subject to any error in the square of the wind speed. A comparison of 
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values calculated in this manner with values measured directly indicates 
(with the exception of the cloud of smallest particle size) that the calcu- 
lated area dose is rather inaccurate. The mass median diameter of the 
cloud is overestimated, especially at high wind speeds. At 1 m.p.h. the 
total amount of material deposited on a vertical slide is very variable, 
as is also the distribution between the back and front surface of the slide. 
With the cloud of smallest particle size, the cloud area dose is much too 
low and the cloud MM D is overestimated except at the lowest wind speed. 

Calculations from the cylinders give results which are very similar to 
the results from the vertical slides. 

Since the calculated results from the horizontal slides are in substan- 
tial agreement with the observed data, it may be concluded that particles 
over a wide range of sizes settle as though in quiet air even though the 
air is flowing turbulently. This is not unexpected if the flow immediately 
above the horizontal surface is smooth. 

Since the calculated results from the vertical slides are not in satis- 
factory agreement with the observed data, the theory requires modifica- 
tion. If one excludes particles of sizes less than about 10 u then most of 
the data are in fair agreement with the assumption that the fraction of 
particles, which would have passed through the projected area occupied 
by a vertical object which actually impact on the object (that is, the 
impaction efficiency), is given by apUd?/D, where a is about 60 c.g.s. 
units. A suitable modification, as in Eq. (1), must be introduced whenever 
the efficiency exceeds about one-half. However, for small particle sizes, 
the impaction efficiency is much less than that given by the above expres- 
sion, and is qualitatively in agreement with the calculated values of 
Eq. (1). However, the calculated values of Eq. (1) are too high. When 
pd?U/D = 18 for a = 3 X 10-*, the impaction efficiency is one-half ac- 
cording to the calculations, whereas the data would indicate an efficiency 
of about 20%. Thus, if, in Eq. (1), @ is arbitrarily set equal to about 150, 
the resulting efficiencies are approximately correct, except perhaps for 
very small particles, in which case the quantity is underestimated at very 
low wind speeds. 
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APPENDIX I 


Calculation of the Efficiency of Impaction of Air-Borne Droplets 
on Cylinders and in Bent Cylindrical Tubes 


Since the results given above showed impaction efficiencies lower than 
would be expected (7,8), the efficiencies of impaction were recalculated. 
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For the flow of air about the cylinder, values of the velocity as calculated 
by Thom (15) were used. These values were in satisfactory agreement 
with the results of his experiments. The case of a Reynold’s number equal 
to 10 was chosen (Udpa/n = 10). Actually, a much larger number should 
have been used. However, the solution contains the viscosity, so that 
the velocity near the surface of the cylinder becomes small. 

The calculations were made as follows: Let b = 18n/pd?, Vz = velocity 
along x of the air stream at a point 2, y, and dx/dt = velocity of the 
particle. Then, from Stoke’s law, 


d@x/d? = b(V, — dx/dt), 


with a similar expression in y. 

The calculations were started assuming V, = U at x equal to 6 times 
the value of the cylinder radius. The intervals, over which an average 
value V, was estimated, were chosen so that bt was less than one-half 
except for the first few intervals, where the velocity change was small. In 
all cases the final value of x or y for each step, as obtained from the solu- 
tion of the differential equation, was equal to the value obtained from 
multiplying one-half the sum of the initial and final velocity by the time, 
the error being a small number in the third place. From the path of the 
particle already calculated, the new path was extrapolated. From this 
path an average value of V,, V;, for this interval was estimated and the 
calculations made. If the estimate was noticeably in error, the calculations 
were corrected. It was felt that the error in this estimation, that is, 
interpolating from the data by Thom, was the most serious. 

For large enough particles, the Oseen correction term should be ap- 
plied. This correction breaks down for Reynold’s number of the particle 
(pa(U — Vz)d/n) of about 4. This number contains V, as a variable. It 
may be written as paUd/n times (U — V.)/U. A rough calculation sug- 
gests that when paUd/n is about 4, the error in the impaction is not 
serious. 

The results of the calculation are given in Fig. 7. The curve is that of 
Eq. (1) with a = 400 and a = 3 X 10-* in c.g.s. units. It will be noted 
that the efficiencies are lower than the previous estimates but are still not 
low enough. Since, for the data on the 1.8 cm. cylinder, the Reynold’s 
number of the cylinder was from 600 to 5000 instead of 10, this is a likely 
source of the discrepancy. 

The impaction efficiencies in the cascade impactor are in satisfactory 
agreement with estimates similar to that given above, even for a 50% 
impaction efficiency. The calculations for smooth flow through a bent 
cylindrical tube are relatively direct. The results of such calculations for 
parabolic velocity distribution, neglecting the Oseen correction term, 
show that, for a right angle bend, the values of pd?U/18nD (U being the 
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average velocity, Umax/2, and D the inner diam.) corresponding to the 
percentages of impaction 95, 83, 50, 43, 9, 2, and 0, are 0.8, 0.4, 23, 0.2, 
0.133, 0.114, and 0.10, respectively. Whether the radius of curvature of 
the central line is D/2 or 5D/2 the results are not appreciably changed. 
It may be noted that, in either case, the first approximation, which is 


_ obtained by equating the slip into dead air for a particle originally at the 


center equal to a distance D/2, would give a value of 0.25. The corre- 
sponding value obtained by successive calculations is 0.20. 

The above values were obtained from calculating several particle 
paths as outlined above. The particles within a prescribed area which 
impact are initially in an area approximately given by the intersection of 
circles of equal diameter. The particles were weighted by their initial 


velocity to obtain the final per cent impaction. 


Using 8 mm. and 4 mm. tubes of curvatures 2.5D and 4D, the per cent 


impacted for particle diameters of 1.0, 1.8, 3.3, 7.7, and 12 » were, respec- 


tively, <3, <3, <3, 36, and 77, and <3, 16, 70, 99, and >99. The 
estimated values of the diameter for 50% are 9 and 2.7 yu. The average 
velocities in the tubes were respectively 590 and 2350 cm./sec. The 
density of the droplets (glycerol) was 1.26. The corresponding values for 
pd?U /18nD are thus 0.23 and 0.17, as compared with the calculated value 
of 0.23. Comparing a sharp and slow bend, indicated that the former was 
slightly more efficient. For the two cases p,.DU/n equals 330 and 660, 


respectively. The orders of magnitude of pad(U — Vz)/n are about 2 and 
7. Simultaneously with the experiments at 45 m.p.h. or 2000 cm./sec., 


(Table II) the 4 mm. bent tube was used. The fraction of the total cloud 
removed was 50%. Note that the velocity toward the 4 mm. cylinder was 
2000 cm./sec. while the average velocity in the 4 mm. tube was 2350 
cem./sec. The former gave 3%; the latter gave 50%. From the calculations 
represented in Eq. (1), with a = 400 and a = 3 X 10° in c.g.s. units, 
the value for the cylindrical rod should have been about 6%. If a is taken 
to be 150, then the calculated value is slightly less than 3%. 
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I. InTRopuUCTION 


We have suggested recently (1) that the ¢-potential of BaSO, in its 
saturated solution depends on the structure (geometrical and otherwise) 
of the surface. Ignited crystals of natural barite have a much lower 
positive potential than samples of precipitated BaSO. which were re- 
crystallized from conc. H2SO, and ignited afterwards. The former have 
very even surfaces while the latter have irregular surfaces. Our investiga- 
tions have shown, further, that the ¢-potential of BaSQO, in its own 
saturated solution cannot be explained solely by adsorption of Ba**+ and 
SO. from solution, but is a characteristic of the crystal itself. It is sug- 
gested that the positive potential arises mainly from a preferential release 
of SO, from the crystal lattice; however, preferential ion adsorption 
becomes more important in electrolyte solution. 

Meanwhile, Grimley and Mott (2) have published a theoretical dis- 
cussion on the surface potential of AgBr in electrolyte solutions. In two 
important respects their conclusions appear to coincide with our deduc- 
tions from the experimental material on BaSO,. 

In the first instance, the charge on the surface of the crystal in its 
own saturated solution is due to an inherent property of the crystal itself. 
Grimley and Mott consider the ¢£-potential to be due to an excess of 
vacant lattice sites or interstitial ions in a region of the order of 10-* cm. 
thick near the interface, while we have concluded that the degree of 
disorder (geometrical or otherwise) determines the magnitude of the 
potential assumed by the solid, the more disordered surface having a 
higher potential. Further developments of the work of Grimley and Mott 
may afford an explanation, in terms of lattice defects, of these results 
with BaSO.. 

Secondly, ions from solution, although undoubtedly changing the 
potential, are, according to Grimley and Mott, “not appreciably ad- 
sorbed actually on the surface of silver bromide.’’ Our experimental re- 
sults lead us to the conclusion that ions reversibly adsorbed from solution, 
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and changing the potential of BaSO., are not permanently built into the 
lattice, but are held more or less loosely near the crystal surface and 
probably remain hydrated. 

In our opinion, the contribution by Grimley and Mott is significant 
in that, for the first time, a theoretical treatment emphasizes the im- 
portance of properties of the solid, rather than of the solution, in de- 
termining the surface potential of an ionic solid. 

We have extended our investigation to other sparingly soluble sul- 
fates, viz., SrSO., PbSO., CaSO.-2H.O, and investigated solutions in 
water and in alcohol-water mixtures. 


Il. EXPERIMENTAL 


The experimental technique of determining the streaming potential 
and resistance of the electrolyte in the porous plug has been described 
previously (1). Rigorous precautions were taken to exclude surface-active 
impurities. Perforated platinum electrodes coated with silver and silver 
chloride were used; with these electrodes there was no evidence of polar- 
ization in solutions of chlorides, nitrates and sulfates at concentrations 
below 10-3 N. 

Recrystallized BaSO., SrSO., and PbSO, were obtained by dissolving 
precipitated samples of these compounds in hot concentrated sulfuric 
acid, from which they crystallize after concentration and cooling (cf. 1). 
The BaSO, and SrSO, were ignited at 700°C.; PbSO, was ignited at 
520°C. in order to avoid decomposition. Crystals of up to 1 mm. in di- 
ameter may be obtained in this way. 

Fairly large crystals (up to 0.6 mm. diameter) of BaSO, were also 
obtained by very slow precipitation at high dilution by adding very dilute 
H.SO, from a dropping funnel to twice recrystallized BaCl, dissolved in 
N HCl at 90°C. BaSO, obtained by ordinary precipitation methods is © 
unsuitable for investigation because the electrokinetic equations break 
down for plugs containing very fine particles (1), probably because of 
anomalous viscosity effects in narrow channels (3, 4). 

The treatment of the natural samples of BaSO, and SrSO, was the 
same as that previously described for barite (1). 

Natural gypsum, CaSO,-2H.0, was investigated without any treat- 
ment except washing with warm conductivity water which was free from 
surface-active impurities. The crystals were analyzed using gravimetric 
and spectrographic methods. The sample contained 0.46% MgO, 0.11% 
CO: as carbonate, 0.1-0.2% SiOs, and traces of Fe and Na. Precipitated 
gypsum was made by slowly adding dilute solutions of twice recrystal- 
lized calcium nitrate and sulfuric acid from dropping funnels. to 3 1. 
of well stirred boiling water. In this way, thin needle-shaped crystals 
were obtained. Larger crystals required for retaining the finer crystals in 
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the cell between the perforated electrodes were obtained by keeping a 
saturated solution of CaSO, in N/10 H.SO, in a vacuum desiccator over 
conc. H,SO,. Crystals of 3 mm. length were obtained in this way. 

All electrolyte solutions were made from chemicals of A.R. purity, 
recrystallized if necessary and analyzed spectroscopically. Double dis- 
tilled water was used, KMnO, and a few drops of dilute H.SO, being 
added during the second distillation to eliminate any organic surface- 
active impurities that may be present. Neglect of these precautions leads 
to variable results. 

The cell constants of our plugs (cf. Section III) were determined from 
resistance measurements of plugs filled with N/10 or N/50 KCl solution. 
In the case of gypsum, 0.1 WN solution of KBr in a 44.1% (wt.) alcohol- 
water mixture was used. 

We estimate the overall accuracy of our [-potential measurements as 
1.5% for BaSOu., 3-4% for SrSO, and PbSO,, and ~5% for gypsum. The 
accuracy decreases with increasing solubility of the solid, that is, increas- 
‘ing conductivity of the system. 


III. CaLcuLaTION OF THE (-POTENTIAL 


| 


_ For the calculation of ¢ from measurements of the streaming potential 
_and plug resistance the Helmholtz-Smoluchowski equation, as modified 
by Briggs, was used, viz.— 


_ fen Be 
GET. P’ (1) 


‘where 7 is the viscosity and D the dielectric constant of the solvent, 
-E the streaming potential and P the pressure under which the liquid is 
forced through the porous plug, x’ = C/R is the specific conductivity of 
the liquid contained in the porous plug and thus includes the bulk con- 
ductivity («) and the surface conductivity. C is the cell constant of the 
plug and BR its resistance between the two perforated electrodes. Thus we 
obtain 

_ 4rn EC 

: S SWEDE. @) 


A comparison of «’ with x was made in all experiments. With our systems, 
consisting of coarsely crystalline materials, the surface conductivity in 
no case amounted to more than 1-2% of the bulk conductivity and was 
usually less. 

In all calculations we used the value of the dielectric constant of the 
respective solvent. However, the dielectric constant in the diffuse double 
layer may be different from that of the bulk of the solution. There is no 
possibility at present of correcting for this. If one is concerned with very 
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dilute aqueous solutions only, the correction may have the same value 
in all cases, and ¢ calculated in the manner outlined above, though its 
absolute value may be in error, may still be a useful means of characteriza- 
tion for comparative purposes. This appears to be a tacit assumption 
made by most investigators. Its justification may be doubted, however, 
if one wishes to compare results obtained in aqueous solutions with those 
for solutions in alcohol-water mixtures. In such cases it may be prefer- 
able, in accordance with a suggestion by Guggenheim (5), to use the 
electric moment of the double layer » as a basis of comparison, v72z., 


We have quoted our results in terms of ¢ throughout this paper. In order 
to make a calculation of » from our experimental values of ¢ possible, we 
also give the values of D used in our calculations (Table I). 


TABLE I 4 
Water 6°C. 85.5 
Water 18°C. 80.8 
Water 30°C 76.5 
8.06% (wt.) alcohol in water 20°C. 75.6 
20.88% (wt.) alcohol in water 20°C. 68.2 


IV. DEPENDENCE OF THE (-POTENTIAL ON THE ORIGIN OF THE SOLID 


Table II shows the {-potentials of a number of samples in their own 
saturated aqueous solution. All samples were ignited. The solid is positive 
in all cases. 

All ¢-potential values are reproducible. Spectroscopic analysis re- 
vealed impurities, particularly in the case of the natural samples. How- 
ever, the differences in impurity content between the natural and syn- 
thetic samples are not sufficiently marked to account for the large differ- 
ences in ¢-potential. In the case of BaSOu, it was shown previously (1) 
that incorporation of some of the common impurities of natural barite 
in the precipitated and recrystallized samples did not produce a ¢-poten- 
tial similar to that of natural barite. We must, therefore, conclude that 
the differences between natural and synthetic samples are not due to 
chemical impurities. 

With both BaSO, and SrSOu,, the natural samples with regular sur- 
faces have a much lower ¢-potential than the precipitated and recrystal- 
lized samples possessing irregular surfaces. The irregularity of the re- 
crystallized samples is presumably produced on ignition of the crystals 
which, before ignition, may have included some acid sulfate and sulfuric 
acid from the recrystallization process. That the high potential is due to 
surface irregularity and not to chemical impurities is further suggested 
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TABLE II 
¢in mv. 
(20°C.) 
Barium sulfate 
(1) Natural Barite (sample B), clear well-built crystals 5.38; 5.4 
(2) BaSO,, crystals (0.2-0.5 mm. diameter) obtained by slow precipi- 
tation at high dilution in N HCl 15.0 
(3) BaSO,, sample IV, precipitated and recrystallized from hot conc. 
H2SO,; crystals with very irregular surfaces (electron micro- 
scope) 26.6; 26.8 
(4) Natural Barite (sample B), crystals wetted with cone. H.SO, and 
ignited afterwards 27.0; 27.7 
Strontium sulfate 
(1) Natural Celestite (Gloucestershire, England), slightly translucent 
well-formed crystals 1.4; 1.8 
(2) SrSOu, precipitated and recrystallized from hot conc. H:SOx,, crys- 
tals with irregular surfaces 13.8; 14.4 
(8) Natural Celestite, crystals wetted with conc. H2SO, and ignited 
afterwards 15.0; 15.3 
Lead sulfates 
(1) PbSO,, recrystallized from hot conc. H2SOQu,, crystals (0.2-0.5 mm. 
diameter) with irregular surfaces 16.0; 16.0 


2 Unfortunately, no samples of natural Anglesite of sufficient purity were obtainable, 
and therefore a comparison of the natural and synthetic materials could not be made. 


by the fact that natural barite and celestite, having a small positive poten- 
tial, on wetting with conc. H.SO, and subsequent ignition, acquire a 
large positive potential, similar in magnitude to that of the recrystallized 
samples. 

The geometrical surface irregularity of the samples which have a 
large ¢-potential has been established by optical and electron micros- 
copy. We are indebted to Dr. A. L. G. Rees and to A. J. Hodge, of 
the Division of Industrial Chemistry of the Council for Scientific and 
‘Industrial Research, Melbourne, for this investigation. In the light of the 
ideas of Grimley and Mott (2), it would appear that the lattice defects in 
the layer immediately adjacent to the surface are operative in producing 
a higher charge density in a geometrically irregular surface than in an 
even one; or else the number of lattice defects may be greater in the 
recrystallized samples than in the natural ones. 

_ There may be some doubt as to whether theoretical conclusions from 
comparison of the ¢-potential values of the 3 sulfates are justified in 
view of the limited experimental material available (Table III). More- 
ver, it is doubtful whether the {-values are suitable for comparative 
urposes, since the potential at the crystal surface is a function of the 
urface disorder, or surface lattice defects, and there is no certainty that. 


1 This explanation differs somewhat from the one given previously (1). 
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TABLE III 
¢ mv. (all positive) 
Origin 
BaSO.z PbSO. SrSO« 
Natural 53 ao 1.5 
Recryst. 26.7 16.0 14.0 
Pptd. dil. HCl 15.0 eh a 


for instance, all the recrystallized samples have even approximately the 
same degree of surface disorder. 

Bearing these reservations in mind, it does appear, however, that, for 
samples of similar origin, the ¢-values are in the order of BaSO. >> PbSO. 
> SrSO,. The order of solubility is SrSO. > PbSO, > BaSO,, and, 
therefore, the more soluble compound seems to have the smaller ¢-poten- 
tial. A similar result is obtained for the ¢-potentials and solubilities of the 
three sulfates in alcohol-water mixtures (Table IV). 


TABLE IV 
¢-Potentials (in mv.) in Alcohol-Water Mixtures (20°C.) 
(All Positive) 
BaSO. PbSOs SrSO. 

(recryst.) (recryst.) (recryst.) 
Water 26.6; 26.8 16.0; 16.0 13.8; 14.4 
8.06% (wt.) alcohol 28.9; 28.9 — == 
20.88% (wt.) alcohol 28.9; 28.7 Oe inG: 10.6; 10.8 


One cause of this influence of the solubility of the solid on the ¢-poten- 
tial may be a reduction of the thickness of the diffuse double layer as the 
concentration of ions in solution increases. However, it appears from our 
experiments in concentrated solutions? that the influence of increasing 
electrolyte concentration on the ¢-potential is smaller than has often been 
assumed. 

Solubility of an ionic solid depends on the lattice energy and on the 
energy of hydration of the ions concerned. One would expect the ¢-poten- 
tials of the 3 sparingly soluble sulfates to be related to these quantities 
also. A larger free energy of hydration should counteract preferential 
retention of the cation by the lattice, and thus the ¢-potential should de- 
crease with increasing free energy of hydration of the cation. Actually, 
computations by Bernal and Fowler (6) suggest that the heat of hydra- 
tion of Srt+ is about 10% greater than that of Batt, which would be 

* Cf. the third paper of this series. 
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compatible with the above reasoning; on the other hand, that of Pbt+ 
is slightly greater than that of Sr++. It must be borne in mind, however, 
that the difference between the heats of hydration of Ba++ and Srt+ is 
rather small to account for the large difference in ¢-potential. Further- 
more, it is uncertain whether the order of heats of hydration is the same 
as that of the free energies of hydration; nevertheless, it appears that the 
entropies of hydration of the 3 cations in question are not very different 


(cf. i). 


V. Tue TEMPERATURE COEFFICIENT OF THE ¢-POTENTIAL OF BaSO, 


Several authors determined temperature coefficients of {-potentials, 
but the systems chosen were rather complex (e.g., cellulose, clay). Both 
decreases and increases of £ as well as changes of sign were observed (8). 
It appeared desirable to determine the temperature coefficient for a 
gople system, such as BaSO, against its saturated solution. Fig. 1 shows 
that the {-potential increases with decreasing temperature, d¢/dT’ being 
=~ — 0.20 mv./degree. 


5 ie) 15 20 25 30 
XG 
Fig. 1. ¢-potential (in mv.) of recrystallized BaSO, plotted against temperature in °C. 


A variation of ¢ with temperature may be related to the increasing 
thickness of the diffuse double layer with increasing temperature; this 
may, however, be counteracted by the fact that the saturation concentra- 
tion increases somewhat with increasing temperature (2.10 X 10> g./I. 
at 5°C. and 3.0 X 107 g./l. at 30°C.). Another possibility is that preferen- 
tial adsorption of Ba++ over SO,= increases with decreasing temperature. 
Fig. 2 shows the variation of the £-potential (Af) with the concentration 
of BaCl, and Na,SO, at two temperatures. Although both the increase 
of ¢ due to BaCl, and the decrease of ¢ due to Na»SO, are greater at 

0°C. than at 10°C., there is no marked change with temperature in the 
difference between these two quantities which may be regarded as a meas- 
ure for the preferential adsorption of Ba++. For instance, in N/50,000 
solutions (which correspond roughly to the concentration of a satu- 
rated BaSO, solution) we have at LO°C. Ag (BaClz): +8.5 mv. and 
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A¢ (Na.S8O.): —6.0 mv.; and at 30°C. A¢ (BaCl,): +4.5 mv. and 
A¢ (NazSOu): —2.5 mv. The difference between the effects of BaCl: and 
Na SO, is ~2 mv. for both temperatures. There is thus no evidence that 
the variation of the ¢-potential with temperature is due to a variation in 
the preferential adsorption of Ba++ over SO«. 


BaClo 
10°C 


10* EQUIVALENTS PER LITRE 


Trg. 2. Variation of ¢ (in mv.) of recrystallized BaSO, with the concentration 
of electrolytes (in 10-4 equivalents at 2 temperatures. 


VI. INFLUENCE OF THE SOLVENT AND OF ELECTROLYTES ON THE 
¢-POTENTIAL OF BaSQO,u, SRSO, anD PBSO, 


To compare the influence of electrolytes on the {-potential of the 3° 
sulfates, it is preferable to use, instead of water, an alcohol-water mixture 
as solvent, in order to reduce the solubility of PbSO, and SrSQu,, and thus 
the conductivity of the systems, sufficiently to make an accurate de- 
termination of ¢ by the streaming potential method possible. The in- 
fluence of alcohol on the initial ¢-potential is noticeable but not great 
(Table IV). 

Fig. 3 shows the influence of electrolytes on the {-potential of BaSO. 
both in water and in 20.88% (wt.) alcohol-water mixtures. All electrolyte 
effects are reversible except some obtained with lanthanum salts, which 
exhibited slight irreversibility. In all cases in which electrolytes have a 
marked effect, such effects are greater in alcohol-water mixtures than in 
water.’ This is probably due to a decrease in the attraction between the 


* Similar results were obtained by Ruyssen (9) and by Reyerson, Kolthoff and Coad 
(10). However, these investigators employed fine precipitates of BaSO., which, for 
reasons mentioned previously (Section III), appear to us to be less suitable for electro- 
kinetic investigation than recrystallized BaSO,. 
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Fic. 3. Plot of the ¢-potential (in mv.) of recrystallized BaSO, against the con- 
' centration of various electrolytes (in 10-4 equivalents/l.) dissolved in water and in 
_ alcohol (20.88 wt.-%)—water mixtures (20°C.). 


ions concerned and the solvent, on partly replacing water by alcohol, as a 
- consequence of which adsorption on the crystal surface increases. That 
| these effects are real and not due to the uncertainty about the value of the 
dielectric constant in the double layer (cf. Section III) is evident on 
comparison of the curves for sodium sulfate in water and in an alcohol- 
water mixture. While, in aqueous solution, Na2zSO, merely lowers the 
positive potential to small values, a change of sign occurs in the alcohol- 
water mixture (¢-= — 19 mv. at 6 X 10-4 N). This can only be explained 
by increased adsorption of SO,= from the alcohol-water mixture. 

Fig. 4 shows the change of the ¢-potential (A¢) produced by addition 
of electrolytes for BaSO., PbSO,, and SrSO, in 20.88% alcohol-water 
mixtures. The magnitude of the electrolyte effects, both positive and 
negative, is in the order of BaSO, > PbSO. > SrSO.. Thus the influence 
of electrolytes on the ¢-potential of these 3 sparingly soluble sulfates 
decreases with increasing solubility of the sulfate.* On the basis of these 
experiments it seems probable that preferential adsorption is less strong 
on the surface of a moderatly soluble solid than on that of a sparingly 


soluble one. 


4 The order of solubilities in 20.88% alcohol-water mixtures is shown qualitatively 
by the specific conductivities at 20°C.: BaSO,, 1.7 x 1078; PbSO,, 3.3 X 107°; SrSO,, 
6.40 < 10-6 ohm.~-! cm.-!. The ionic mobilities of Bat*+, Pb**, and Srt* in the alcohol- 
water mixture are not known but are not likely to differ appreciably from one another. 
The corresponding specific conductivities in water are: BaSO., 3.8 x 107°; PbSO,, 
34.0 x 10-8; SrSO,, 117 X 10~® ohm. cm.7, suggesting that the addition of alcohol 
reduces the solubility of SrSO, and PbSO, much more strongly than that of BaSO.. 


] 
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Fic. 4. Plot of the change of the ¢-potential (A¢) in mv. produced by various elec- 
trolytes against the concentration (in 10-4 equivalents/l.) in alcohol (20.88 wt.-%)— 
water mixture (20°C.) for recrystallized BaSO., SrSO., and PbSO.. 


Solubility may be regarded as a measure of the stability of a crystal 
lattice in contact with the solvent (cf. Section IV). It seems possible that 
the solid possessing a higher solubility in which the ions are not held so 
firmly by the lattice should exhibit reduced preferential ion adsorption 
from solution. Unfortunately, no values for the lattice energy of the solids 
concerned are available. 

The influence of lanthanum nitrate on the ¢-potential of BaSOu,, 
SrSO., and PbSO, is shown in Fig. 5. Lanthanum nitrate, in spite of the 
tervalency of Lat**+, increases the potential of BaSO, less than BaCl, 
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Fic. 5. Plot of the ¢-potential (in mv.) of recrystallized BaSO,, SrSO,, and PbSO, 
against the concentration of various electrolytes, including lanthanum nitrate, in aleoho 
(20.88 wt.-%)—water mixture (20°C.). 
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does, probably for reasons of geometry. In the case of PbSOx, the in- 
fluence of lanthanum nitrate is approximately equal to that of PbCl.. 
With SrSO, the influence of lanthanum nitrate is very much greater 
than that of SrClz, probably due to a fairly close similarity between the 
ionic radii of Sr++ and Latt++ (as compared with those of Lat++ and 
Batt) which makes for strong adsorption of Lat++ by SrSOy. Un- 
fortunately no sufficiently concordant values for the ionic radii concerned 
are given by various authors. 
Some doubt may arise as to whether there is a large proportion of 
tervalent La*++t in solutions of lanthanum nitrate at concentrations 
smaller than 10-* NV. The experimental material, as well as general con- 
siderations, suggests that hydrolysis is less than with the corresponding 
aluminium salts, but the possibility of the existence of more complex 
ion species of lower valency cannot be ruled out. Nevertheless, the in- 
fluence of lanthanum nitrate in very dilute solution on the ¢-potential of 
solids which are not heteropolar in nature, such as cellulose, is greater 
than that of alkaline earth chlorides (11), probably because geometrical 
considerations mentioned above are important in adsorption on the lat- 
tice of an ionic crystal but do not greatly affect adsorption on cellulose. 
it is probable, therefore, that even very dilute solutions of lanthanum 
nitrate contain a fair proportion of Latt+. 
| Fig. 4 shows that the potential-increasing effects of BaCl. on BaSOu,, 
PbCl, on PbSO,, and SrCl, on SrSO,, particularly in dilute solution 
(1-2 X 10~ eq./I.), are only little greater than the potential-decreasing 
effects of alkali sulfates on BaSO., PbSO., and SrSOu,, respectively. Thus, 
considering BaSO., PbSO., and SrSO, in their saturated solutions, it is 
unlikely that preferential adsorption of the metal ion over that of SOs 
can account fully for the large positive potentials of these 3 sulfates. 
We therefore conclude that the ¢-potential of these sulfates in their 
saturated solution in alcohol-water mixtures can be accounted for fully 
only on consideration of properties of the solids themselves (cf. Sec- 
tion IV). 
VII. Tue ¢-PoTentTIAL oF GyYPsUM 


water because of its high solubility, but only in alcohol-water mixtures. 
In contradistinction to BaSOs, SrSO., and PbSO,, which have positive 
potentials, the potential of natural gypsum is negative, —26 + 1 mv. 
It is well reproducible, although less accurately than that of the other 
sulfates, and shows hardly any change on prolonged streaming. Change 
of the composition of the solvent mixtures between 24 and 52% (wt.) 
alcohol produces very little variation of ¢. Exclusion of surface-active 
‘impurities cannot be as rigorous in this system® as in the previous ones; 


: The ¢-potential of gypsum, CaSO,:2H.O, cannot be determined in 


5 Gypsum cannot be ignited. 
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however, the disturbing effect of such impurities is less noticeable with 
gypsum than with the other sulfates, probably because surface-active 
substances, which usually render the potential more negative, are ad- 
sorbed less on the negative surface of gypsum than on the positive sur- 
faces of BaSOu, SrSOu., and PbSOx.. 


‘webeiedis 
Na, 50a 
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Fic. 6. Plot of the ¢-potential (in mv.) of natural gypsum (CaSO,-2H:O) against the con- 
centration of various electrolytes in alcohol (44.1 wt.-7%)—water mixture (20°C.). 


Fig. 6 shows the influence of electrolytes on the ¢-potential of gypsum. 
CaCl, makes the potential less negative, while alkali sulfates and H.SO, 
render it more negative, the influence of H:SO, being smaller than that 
of other sulfates. Nevertheless, the influence of all these electrolytes is 
comparatively small. Furthermore, there is little difference between the 
magnitudes of the potential increase due to sulfates and the potential 
decrease due to calcium salts. Thus the strongly negative potential of 
gypsum in its saturated solution is not likely to be accounted for by 
preferential adsorption of SO.-, but must be explained in terms of proper- 
ties of the solid similarly to the explanation given previously for BaSQu.. 

Sodium citrate makes the potential more negative but not quite as 
much as Na.SO,. Thus, the citrate ion, in spite of its tervalency, is less 
effective than SO,-, probably because its size and field of force are very 
different from that of SO.-. On the other hand, Lat+t++ has a stronger 
influence on the potential than Ca++ and makes the potential positive. 
This, however, may partly be due to adsorption of hydrolysis products, 
the effect of lanthanum nitrate, as distinct from all other salts, not being 
quite reversible.® 

There is a marked difference in electrokinetic properties between 
natural and precipitated gypsum. Not only is the ¢-potential of precipi- 
tated gypsum very small, but it is difficult to reproduce, and the ratio 
of E/P varies with the pressure, contrary to the Helmholtz-Smoluchowski 
equation and to our experience with all systesm thus far investigated. 
Moreover, no reproducible influence of electrolytes on the ¢-potential of 
precipitated gypsum can be detected. 


* With thorium nitrate variable positive potentials and formation of gelatinous | 
hydrolysis products were observed. 
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Photomicrographic and crystallographic examinations have shown 
‘that our samples of precipitated gypsum consist chiefly of twinned 
erystals, the growth of which has been relatively much greater in the 
direction of the C-axis than of the others, thus forming thin monoclinic 
needles. The crystals are very much thinner than those normally ob- 
tained with natural gypsum. According to Wooster (12), the characteris- 
tics of gypsum crystals are those of layers of Ca++ and SO. joined by 
water molecules, and the coherence of the structure in one direction is 
due only to water molecules. The linkages between the layers of Cat+ 
and SO. are relatively weak, thus accounting for pronounced cleavage 
‘planes. Only a small fraction of the surface area of the long and thin 
precipitated crystals—namely the ends of the needles—has, therefore, 
‘strong residual fields. The greater part of the other surfaces consists 
mainly of structural water molecules, and no Ca++ or SO,= in the actual 
surface, and is not likely to adsorb SO, appreciably. In these circum- 
‘stances, a double layer of considerable charge density may be formed only 
at the end of the needles but not at the other planes. This would account 
for the smallness of the ¢-potential, its lack of reproducibility—since the 
measured potential is the result of contributions of double layers of high 
and low charge density, and will depend on the degree of randomness of 
packing of the crystals—and its insensitivity to addition of electro- 
lytes, since little adsorption will occur on the major fraction of the total 
surface area. 

The well reproducible large potential of the natural gypsum, which is 
influenced by electrolytes, owing to ion adsorption, in a reproducible 
fashion, may be explained, according to this hypothesis, by the greater 
ratio of surfaces with high charge density, and appreciable adsorptive 
power, to those of low charge density and small adsorptive power. 

It is interesting to note that, while natural crystals of BaSO., SrSO,, 
and PbSO, have small (positive) potentials, natural crystals of CaSO.- 
2H;,0 have a high (negative) potential. The small potential of natural 
‘BaSO, (as compared with precipitated and recrystallized BaSO;) has 
been suggested as being due to the comparative difficulty of releasing 
SO.= from the well ordered surface (1). In the case of gypsum, the prefer- 
ential release of Ca++ may be less impeded either by the smallness of 
Ca++ or by the weak forces in a layer lattice crystal in which part of the 
cohesion is due to water molecules. The weakness of these forces may also 
be responsible for the smallness of the electrolyte effects. 


X. SUMMARY 


1. The electrokinetic potentials of natural, precipitated and recrystal- 
ized samples of BaSO,, SrSO., and PbSO, have been investigated in 
water and alcohol-water mixtures using the streaming potential method. 
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The potentials are positive. The natural samples which have very even 
surfaces always exhibit smaller potentials than pr ecipitated and recrystal- 
lized samples having uneven surfaces. The potentials of the three sparingly 
soluble sulfates in water and alcohol-water mixtures decrease in the order 
of increasing solubility. 

2. The temperature coefficient of the ¢-potential of BaSO, in its 
saturated solution is negative. This is not likely to be due to an increase 
in preferential ion adsorption with the lowering of temperature. 

3. The effects of electrolytes have been investigated in water and in 
alcohol-water mixtures. For the same sparingly soluble sulfate the effects 
of electrolytes are greater in alcohol-water mixtures than in water. 
On comparison of various solid sulfates, it is found that the magnitude of 
the electrolyte effects decreases with increasing solubility of the solid. 
An explanation of the effect of various electrolytes on the ¢-potential in 
water and alcohol-water mixtures is attempted. 

4. The ¢-potential of natural gypsum investigated in alcohol-water 
mixtures is negative. Electrolyte influence is smaller than with the other 
solid sulfates. Precipitated gypsum does not give reproducible values for 
the ¢-potential. 

5. The results of this investigation suggest that the ¢-potential of a 
heteropolar solid is not solely determined by preferential ion adsorption, 
but is largely a characteristic of the solid itself. Samples of different 
origin, or preparation of the same compound, have widely different 
¢-potentials. It is shown that this is not due to impurities but to different 
degrees of surface irregularity. Reference is made to a recent theory by 
Grimley and Mott relating the ¢-potential to lattice defects in the 
surface. 
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Ever since electrokinetic properties have been studied, the question 
of a possible relationship between the electrokinetic potential and the 
reversible electrode potential of the same material has been discussed 
(cf. 1, 2). Attempts to measure both potentials with the same material 
suffered from the fact that, apart from glass, there appears to be no 
| material for which both potentials can be readily determined. As BaSO, 
| has proved to be a material whose {-potential is reproducible for the same 
sample, an attempt to determine the reversible electrode potential of 

BaSO, appears to be justified. 

In view of the fact that all electrode potentials are relative to an 
arbitrarily chosen standard, no comparison of absolute values of elec- 
trode and ¢-potential is possible. A comparison must rest on the concen- 
tration function of the two potentials. 

We have found that, for most electrolytes, the ¢-potential varies 
linearly with the logarithm of the activity of the potential-determining 

ion (Table I). Generally, however, this relation holds within certain 

limits of concentration only, and in some cases it is found that the rela- 
Ag 

A log c — 


tion Alog¢ = KA loge fits the results better. In no case is 


ioc a = 2 - equal to the value expected for a reversible electrode. 

A close examination of Table I does not reveal any systematic rules 
for most of these variations, although it is evident that the properties of 
the solid surface influence ion adsorption appreciably. The results on 
natural BaSOu., with a well-ordered surface, generally fit the relation 

4g 
A loge 
recrystallized BaSO., with a disordered surface. In view of this, it seems 
probable that, in the absence of other disturbing factors, the change of 
potential which is presumably due to adsorption of potential-determining 
jons on a crystal surface is described by the relation Af = KA log c. 
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This suggestion is reinforced by the fact that a similar relation was ob- 
tained by R. G. Ruyssen (3) for precipitated BaSOu., by L. A. Wood (4) 
for silica with metal chlorides, and by Rutgers and de Smet (5) for glass 
with solutions of salts of uni- and bivalent cations. Furthermore, the 
same relation was found by Lange and Berger (6) for the adsorption of 
potential-determining ions on silver halides, as determined by poten- 
tiometric methods. It may be mentioned also that the Volta potentials in 
electrolyte solutions, which, according to Adam (7) and Chalmers (8), 
should bear a closer similarity to the ¢-potential than the ordinary elec- 
‘trode e.m.f., vary linearly with the logarithm of the ion activity (9). 

We do not possess as yet a satisfactory theory correlating the ¢-po- 
tential with the concentration of the electrolyte in solution. A recent 
attempt in this direction is due to L. B. Robinson (10), who used the 
methods of statistical méchanics employed by Gurney and Fowler in 
explaining the metallic electrode potential for an evaluation of the con- 
centration function of the ¢-potential and arrived at an expression very 
similar to the familiar Nernst equation. Robinson assumed, however, 
that the amount of adsorption of potential-determining ions is inde- 
endent of the concentration of these ions in the solution. This assumption 
is in contradiction to experience, as many investigations on adsorption of 
lectrolytes on heteropolar solids and on glass have shown. Moreover, no 
distinction is drawn in Robinson’s treatment between a ¢-potential and 
an electrode potential. If this is justified, it is possible that the difference 


; and the one expected from the 


between the experimental value of ———— A eee Ag 


: 2 mv. (Z: valency), merely reflects the amount of vari- 
ation of the adsorption of the potential-determining ions with their 
concentration in the solution. 

In view of the absence of a satisfactory theory and, further, considering 
that there is a variety of processes that may influence the values of 
Ag 
A log ¢’ 
merely listed such values for various systems (Table I) investigated by 
us, without attempting an explanation. It is noteworthy, however, that, 


Nernst equation 


the effects of which cannot be at present disentangled, we have 


; ae is greater for Batt 
nd SO.= than for all other ions, irrespective of valency. 

The first attempts to measure the electrode potential of BaSO, are 
ue to Tendeloo (11), who used thin plates of heavy spar and obtained a 
inear variation of the potential (#) with the log of the barium chloride 


for BaSO, and aqueous solutions of electrolytes 


being of the order of 18-26 mv.; no satisfactory 


; AE 
concentration, Adout 
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results were obtained with K,SO, solutions. Tendeloo’s values were sub- 
sequently criticized by Anderson (12) as being due to liquid-junction | 
potentials set up in the fine cracks of the plates of heavy spar and not to 
a true electrode function. Tendeloo did not give any values for the re- 
sistance of the plates. 

We attempted to prepare BaSO, electrodes from samples of natural 
barite of which the ¢-potential was already well known. Flakes of about 
1 mm. thickness were chipped off the crystal and ground down, using 
optical emery, to about 0.3-0.4 mm. thickness. Danger of fracture pre- 
vented the preparation of thinner plates. The flake was sealed to the end 
of a glass tube using a low melting wax with a fatty base (Sira wax). 
The cell set up was 


Ag AgCl 0.1 N BaCl, BaSO. electrolyte calomel 
| | plate solution electrode, 


the Ag/AgCl electrode and 0.1 N BaCl, solution being in the interior of 
the glass tube. In experiments with BaSO, plates which had a resistance } 
of only 10-20 megohms, and in which the electrolyte solutions were 
BaCl, solutions of various concentrations, the e.m.f. varied linearly with 
the logarithm of apat, ines being 17-18 mv. When SrCl. was the 
eléctrolyte, the result was almost exactly the same, and Na2SOy, solutions 
caused changes of e.m.f. in the same direction as BaCl. but not of the 
same magnitude. However, if the plate of barite behaved as a BaSO, 
electrode, the effect of SO.= should be opposite to that of Ba++. A few 
plates were investigated which had much higher resistances (100 
megohm) but were not thicker than the first ones; these plates did not 
give constant e.m.f.s. It was, therefore, suspected at this stage that the 
electrodes of lower resistance were “crack” electrodes, and that we were 
measuring liquid-junction potentials. This was confirmed by experiments 
in which the 0.1 N BaCl, solution inside the glass tube was replaced by a 
AgNO; solution, and the electrolyte solutions outside were AgNO; 
solutions of varying concentration. The e.m.f. now varied linearly with 
the logarithm of the Ag+ activity, proving that the barite plate having 
fine cracks merely acted as a membrane permeable for Agt. 

The only materials of this kind which are amenable to a determination | 
of a true electrode potential are crystals of silver halides. Kolthoff and| 
Sanders (13) obtained electrode plates by fusing the salts into discs which 
had a resistance of about 10 megohms. The e.m.f.s varied by 57 mv. per 
tenfold variation of the Ag+ activity. These authors also attempted to 
make BaSQ, electrodes but had no success. The success in the case of 
silver halides is probably due to greater softness of the crystals, as 4) 
consequence of which cracks are not formed as easily as with barite, and 
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also to a higher mobility of Agt in the crystal lattice as indicated by a 
comparatively low resistance. In view of this, it is intended to investigate 
the ¢-potentials of silver halides and to compare them with the electrode 
potentials. Preliminary attempts in this direction have been made by 
Julien (14). 
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INTRODUCTION 


Electrokinetic potentials cannot usually be determined accurately by 
the streaming potential method in electrolyte solutions more concen- 
‘trated than about 10-* N. For constant ¢ the streaming potential de- 
creases as the conductivity of the system increases, and is usually only 
of the order of a few mv. for 10 mm. Hg pressure in 10-* N solutions. As a 
consequence, ¢-potential values in systems of good conductivity are not 
_well known. Some knowledge of such systems would, however, be inter- 
esting for theoretical reasons which will be discussed later. 
Measurements in comparatively well-conducting systems can be 
carried out if, instead of the customary procedure of measuring the stream- 
ing potential (#) and the resistance (#) between the electrodes, the 


streaming current = = I is measured, as suggested by Neale (1). The 


R 
modified Helmholtz-Smoluchowski equation! then becomes 
_ fry IC. 


It will be shown subsequently that the streaming current remains ap- 
preciable, even in well-conducting systems, although H may be too small 
for accurate determination. 


EXPERIMENTAL 

: The principal requirement is that the galvanometer by which the 
streaming current is measured must have a resistance which is small 
'compared with the internal resistance of the cell, so that virtually all 
the charges displaced by the streaming liquid pass through the gal- 
vanometer and only a negligible fraction passes back through the cell. 
It is no disadvantage of the method that current is actually drawn from 
the cell provided polarization can be avoided. 


] 


1 The symbols are the same as those used in the first paper of this series. 
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For cells containing very dilute electrolyte solutions, the cell resistance 
may be of the order of 10°-10° ohms, and galvanometers of resistance of 
the order of 1000 ohms are quite satisfactory. Virtually the whole of the 
streaming current will pass through the galvanometer in such circum- 
stances. However, even in systems containing N/10 solutions which may 
have resistances as low as 1000 ohms, a galvanometer of 25 ohms re- 
sistance will record 97.5% of the total streaming current. - 

A galvanometer of 630 ohms coil resistance and a sensitivity of 1190 
mm./microamp (for a scale distance of 1 m.) was used for very dilute 
solutions, and a galvanometer of 25 ohms resistance and a sensitivity of 
210 mm./microamp for well-conducting systems. The experimental 
arrangement was the same as in the streaming potential work (cf. the 
first paper of this series), except that the valve potentiometer and Wheat- 
stone bridge were substituted by the galvanometer. 


RESULTS AND DIscUSSION 


To test the performance of the method, a series of simultaneous meas- 
urements of streaming potential and streaming current was carried out 
using recrystallized BaSO, and solutions of BaClz and K.SO,. The results 
are shown in Table I. J is the streaming current measured in the gal- 
-vanometer, Jz is the streaming current calculated from the streaming 
potential H and the resistance FR of the cell, fz is the ¢-potential calcu- 
lated from the streaming potential and ¢7 the ¢-potential calculated from 
the streaming current determination. 


TABLE I 


Comparison of Streaming Potential and Streaming Current Determinations 
Recrystallized BaSO,, sample IV 


7 Tr X 108 d. X 105 
ae ie sa iS | ealtiemse. | edleeaayy ese _ 
cm. Hg cm. Hg 
cm. Hg mv. megohm mo. mv. 
Sat. BaSO, 7.09 | 455 2.40 28.8 28.8 26.5 26.5 
N/20,000 K2SO, 7.85 | 1386 0.835 20.8 20.4 19.2 18.8 
N/10,000 K.SO, 8.03 64.0 | 0.500 15.9 15.1 14.6 13.9 
3/10,000 N K.SO, 10.63 15.0 | 0.195 7.0 5.9 6.4 5.4 
Sat. BaSO, 11.34 | 705 2.29 27.2 27.0 26.2 26.0 
N/50,000 BaCl, 8.17 | 455 1.72 32.4 33.8 40.4 42.2 
N/20,000 BaCl, 6.89 | 281 1.06 38.5 40.6 48.2 50.8 
N/2,500 BaCl, 6.02 60.4 | 0.180 54.8 55.0 68.6 68.8 
N/1,000 BaCl, 5.61 26.5 | 0.0775 60.4 60.2 75.3 75.1 


Cell constant: C = 9.50 em.-. 
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The agreement between {x and ¢, is not perfect in all cases, yet no 
systematic deviation is evident. In a number of experiments, the varia- 
tion of the streaming current J with the driving pressure (P) was in- 
vestigated. There was always proportionality as postulated by the Helm- 
holtz-Smoluchowski equation. 

Experiments with BaCl, and SrCl; solutions were carried out up to a 
concentration of 0.1 N. There was hardly any evidence of polarization of 
the Ag-AgCl electrodes even in N/10 solutions. However, alkali sulfates 
could not be investigated at concentrations greater than 10-* N because 
polarization became appreciable. For the same reason, the ¢-potential of 
gypsum in its saturated solution in water cannot be investigated; a 
saturated solution of gypsum is 0.028 N at 20°C. 

The results are shown in Fig. 1. The full lines represent £-potential 
_ values calculated using the.dielectric constant of water, while the broken 
lines refer to ¢-values calculated using the dielectric constants of the 
_ respective electrolyte solutions. There is little difference between the two 
_ sets of ¢-values up to 10-* N. The dielectric constants of the electrolyte 
solutions are those determined by Lattey and Davies (2). We have as- 

sumed in the calculation that solutions of SrCl. have the same dielectric 
- constant as those of BaClz, but this may be only approximately true 
according to the experimental results of Fradkina (3). 
Fig. 1 shows that, for both BaCl, and SrClo, the ¢-potential of BaSO,, 
' after the initial increase, begins to decrease at concentrations above 
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Fic. 1. Plot of the ¢-potential (in mv.) determined by the streaming current method 
of recrystallized BaSO, against the logarithm of the concentration of BaCl: and SrCle. 
The two lowest curves show a plot of J/P X 108 against the logarithm of the concen- 
tration (20°C.). 
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10-3 N, but is still greater than in water at 10~ N. The values in 0.1 NV 
solution are uncertain since the dielectric constant measurements of 
Lattey and Davies only extend to 10°? N and extrapolation does not 
appear justified. It may, therefore, be preferable to discuss this result in 
terms of p, the electric moment of the double layer. Since 


oni! 
Be 


we obtain by substituting for ¢ from Eq. (1) 


I 
w= Fetes 


Fig. 1 shows the variation of 5 with log c, and it is apparent that the elec- 


tric moment in 10-1 N solution is only slightly smaller than in 10-* N 
solution of BaCl. or SrCle. 

It hasbeen shown in the previous paper that the relation Ag = KA loge 
describes the variation of the ¢-potential with concentration up to a 
limit which varies with the nature and origin of the sample. Above that 
limit, which, for recrystallized BaSO, and BaCl, solution, is at about 
10-3-5 N, ¢ begins to deviate irrespective of whether corrected or uncor- 
rected values are considered. In view of our limited knowledge of the 
factors which determine the above relation, any explanation of the cause 
of the deviation must be regarded as tentative. Two possibilities suggest 
themselves: The falling-off of ¢, shown in Fig. 1, may be due either to an 
abnormal decrease of the charge density as a consequence of an appre- 
ciable adsorption of Cl- (together with Ba**) on the crystal surface at 
higher concentrations, or to a decrease in the equivalent thickness of the 
double layer with increasing concentration of electrolyte. The evidence 
obtained during this investigation does not favor the former alternative, 
since adsorption of Cl- on a BaSO, surface is, in spite of the small energy 
of hydration of Cl-, not likely to occur readily for reasons of geometry. 
We may, therefore, conclude that a compression of the double layer has 
occurred at higher concentrations of BaCl., but not to the extent pre- 
dicted by the theory of Gouy, which suggests an equivalent double 
layer thickness of the order of 10-7 cm. for 0.1 N BaCly. It may not be 
easy to reconcile a double layer of nearly molecular dimensions with the 
high values of ¢ and 5 obtained in this investigation. Nevertheless, the 
measured value of ¢ would not be a reliable guide on this point if a simul- 
taneous increase in charge density and decrease in thickness of the double 
layer had occurred. At present we have not sufficient information to 
comment further on this point, but would like to refer to a theoretical 
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study by Bikerman (4) on the capacity and the equivalent thickness of 
the electric double layer on the surface of mercury against electrolyte 
solutions, in which the theory of Gouy is modified and further developed. 


SUMMARY 


The streaming current method for measuring ¢-potentials is discussed 
and its performance compared with that of the streaming potential 
method. The streaming current method makes it possible to measure the 
f-potential of BaSQ, in solutions of some electrolytes, e.g., BaClz, SrCl., 
up to concentrations of 0.1 N. Even at this comparatively high concentra- 
tion, the {-potential is quite appreciable. The theoretical implications of 
this result are discussed. 
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INTRODUCTION 


When white light is passed through a monodispersed colloid, e¢.g., 
an oil aerosol (1) or a sulfur sol (2), in which the radii of the spherical 
droplets are very uniform and comparable in magnitude to the wave- 
length of the incident light, brilliant colors appear in the scattering light 
at well defined angles. These colored bands have been designated as 
Higher Order Tyndall Scattering Spectra (8). 

The angular positions of these colors are a function of the particle 
radius and the relative (real) index of refraction of the dispersed particles 
and the medium. They have been used recently for the rapid and precise 
determination of the particle radius in these systems (1, 2, 3). 

In this communication, monochromatic ultraviolet incident light will be 
used. An order in the scattered spectra should appear then as a band of 
intensity depending upon its position, but narrow in respect to angle, if 
the system is monodisperse. Since scattering is a function of the ratio of 
radius to wavelength, the determination of particle size can be extended 
to smaller radii by substituting ultraviolet for visible light. 

The scattering of light by isotropic spherical particles has been treated 
theoretically by a number of investigators (5-11). The Rayleigh (10) 
equation is limited to particles whose radii are less than 1/10 the wave- 
length of light. For larger particle sizes a more general theory utilizing 
the contribution from many partial electric and magnetic waves is 
necessary. Mie (6) solved this as a boundary value problem in electro- 
magnetic theory. His treatment and Debye’s (7) have been presented in 
detail by Stratton (13) and briefly in Ref. 3. 

i Presented at the New York meeting of the American Chemical Society, September, 
1947, before the Div. of Physical and Inorganic Chemistry. 

2 Present address: Monsanto Chemical Co., Dayton, Ohio. 
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In extending the earlier work (1) on aerosols to sulfur hydrosols (2), 
it was found that as many as 9 orders could be demonstrated using 
natural light when the monodisperse character was improved by con- 
trolling the conditions of preparation. LaMer and Johnson (14) confirmed 
that the number and angular position of the orders depended in a re- 
producible manner upon the elapsed time after mixing fixed concentra- 
tions of the dilute solutions of acid and thiosulfate. The angular positions 
were then calibrated (3) in terms of radius by comparison with values 
calculated from the Mie theory and the results verified by direct determi- 
nation of the radii from the rates of sedimentation. The intensity func- 
tions used (3) were computed from the Mie theory for a relative index of 
refraction of 1.44, since this value of m fitted the experimental data closer 
than that for the next table, then available for angular dependence, 
namely, m = 1.55. In this research, we find the correct values of m to be 
employed range from 1.46 to 1.51, depending upon the wavelength. 

The scattering coefficient Ks, introduced (15, 16) as a means of esti- 
mating the size of polydisperse water fog droplets (m = 1.33) from optical 
transmission measurements as a function of wavelength, was utilized (1) to 
determine particle sizes in various monodisperse aerosols ranging from 
m = 1.44 to 2.0. Barnes and LaMer (2) employed this procedure for 
sulfur sols and found transmission useful for determining not only the 
radius, but also the number of particles per cc. All of the above studies 
were conducted for wavelengths at which no absorption occurs and, con- 
sequently, functions involving only the real index of refraction were 
required. 

Mie (6) developed his theory in terms of the complex refraction index 
for application to particles which absorb as well as scatter. The theory 
has been applied to gold sols (17) and carbon particles (18). Gribnau (19) 
studied the effects of absorption plus scattering on selenium sols, and 
reported the results in the form of extinction, scattering and consumptive 
absorption as a function of wavelength. Her sols, however, were not 
monodisperse in the sense of the present work and, hence, her curves do 
not show the detailed structure we have observed. 

Sulfur is transparent in the visible, but absorbs (4) appreciably in 
the ultraviolet below \ = 3000 A, in which case m, the real index of re- 
fraction, must be replaced in theoretical computations by the complex 
index of refracion m! = m(1 — ik), where k is the coefficient of absorption 
and 7 = V—1. One of the primary purposes of this investigation was, 
therefore, to determine the magnitude of this complication in the scatter- 
ing process, and to compare experimental results with existing theory 


using simplified expressions for the functions involving m which have 
become available recently. 
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THEORY 


Scattered Light. When light strikes a particle, periodic oscillations of 
the electrons are set up. These oscillations produce a field of radiation 
outside the particle. When the radius of the particles is 1/10 the wave- 
length of the incident light, a single periodically varying dipole may be 
substituted for the oscillating electrons. The frequency of oscillation of 
this dipole will be the same as the incident light, but its amplitude is 
governed by the optical properties of the particle. If the particle is an 
isotropic nonabsorbing sphere, the intensities of the scattered light may 
be written in the form 


fash _ NaS (m2? —1\f 1 (1) 
8 Pl oa gam ( + 5) cos? 8, (2) 
where J; is the intensity of the component whose electric vector is per- 
pendicular to the plane determined by the light source, particle and ob- 
server; and J2 is the component whose electric vector is parallel to the 
same plane; ’ is the wavelength of the incident and scattered light in the 
medium and is equal to A(air)/m, where m, is the refractive index of the 
medium; # is the distance from observer to particle and a = 2mr/)’, r 
is the radius of the particle, m is the relative refractive index of the 
particles relative to that of the medium and may be either real or com- 
plex, @ is the angle of observation measured from the backward direction 
of incident light propagation. Eqs. (1) and (2) apply when the incident 
light has unit intensity and is unpolarized. 

When the radius of the particles becomes larger than \/10, the scatter- 
~ ing no longer-depends upon a single electric dipole; instead, many electric 
and magnetic multipoles must be considered. The scattered field around 
such a sphere is described mathematically by an infinite series of spherical 
harmonics. The equations of Mie may be expressed as: 


- | mame [fi(m, a, 0|% (3) 
J2J — 80?R? | |fo(m, a, 6”, (4) 


film, a, 0) and f2(m, a, 8) are complicated functions of index of refrac- 
tion, radius, wavelength, and scattering angle. Eqs. (3) and (4) reduce to 
Eqs. (1) and (2) when the radii of the particles are very much smaller 
than . In the case of absorbing materials, some of the radiant energy 
which penetrates the particle is converted into other forms of energy. 
This occurs when the conductivity is finite. For such materials, the refrac- 
tive index is complex. If the particle is nonabsorbing, then m is the. ordi- 
nary relative refractive index. 

The disturbance caused by the particle depends upon the value of a, 
that is, upon r/d, and the refractive indices of the medium and particles. 
As the particles become larger, the coherent radiations from the multi- 
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poles will interfere and cause the intensity of the scattered light to have 
maxima and minima as a function of angle. These variations in intensity 
depend upon wavelengths and consequently produce the colored bands. 
The angular positions of orders thus depend upon the wavelength of the 
incident light and are functions of the particle size and the refractive 
index of the particle relative to that of the medium. The number of 
orders in the Tyndall spectra will be set equal to the number of distinct 
bands of a particular wavelength that are observed from @ = 0° to 180°. 
The Tyndall spectrum in the Rayleigh region will be assigned order zero. 

The total light energy scattered by one isotropic sphere of any size 
per second per unit intensity of illumination is 


_? S JAnl? + [Pal? 


8 Sige ce 2n + 1 


-n2(n + 1). (5) 
Here A, and P, are complex functions of the parameter and the relative 
index of refraction m. Eq. (5) is the sum J; and J2 (Eqs. (3) and (4)) 
integrated over all angles (16). When the radius of the particle is small 
compared to the wavelength, Eq. (5) reduces to the Rayleigh expression 


ye 1 2 V2 
$= de (SIS) Fi (6) 
where V is the volume of the particle. 

The functions occurring in Eqs. (3) and (4) have been computed and 
tabulated by Dr. Arnold Lowan and his staff, Mathematical Tables 
Project, U. S. Bureau of Standards (20); for values of the real index 
m = 1.33, 1.44, 1.55, and 2.0; for angular intervals of 10° from 0° to 180°, 
and for a values ranging from 0.5 to 6. The @ values are given in pairs in — 
which the ratio is 1.2. The ratio of 1.2 was selected by LaMer and Sin- 
clair (1) for the computations because the predominant order colors were 
red and green when the sol was illuminated with white light. 

Order positions for one wavelength can be conveniently determined 
by comparing for two wavelengths the ratios of their intensities and 
plotting these ratios as a function of angle. The maxima correspond to the 
order positions for \;’. The light intensities scattered in the forward direc- 
tion are many times larger than the intensity scattered backwards and a 
plot of intensity for one wavelength as a function of angle gives a pattern 
that is not easily interpreted. The ratios of intensities for two properly 
chosen wavelengths give a more convenient plot. 

The theoretical order positions for a particular wavelength can be 
located from the available tables of intensity functions by calculating 
the ratios of intensities from ai/a, = 1.2 at angular intervals of 10° from 
0° to 180°. These calculations are repeated using all available pairs of a 
values of the same ratio. Curves of order positions as functions of @ are 
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obtained from these calculations (A’s in Fig. 3). Angular order positions 
for any relative refractive index are determined by graphical interpola- 
tion from m = 1.33 to 2.0. 

Total Scattering and Transmission. When the angular intensity of 
scattered light is integrated over the surface of a sphere, the result is the 
total light energy scattered/sec. by one particle. This total energy di- 
vided by the energy flux of the incident light gives the scattering cross 
section of the sphere. If this effective scattering area is divided by the 
geometrical area, a dimensionless coefficient will result, which will be 
designated as the scattering coefficient K, when there is no absorption 
and the extinction coefficient K, when there is absorption plus scattering. 

These coefficients are related to experimentally determinable quanti- 
ties as follows: 


log Io/I = K,rrnl/2.3 (Scattering only), (7) 
log f/f = K.ar7nl/2.3 (Scattering plus absorption), (8) 


where J,/J is the intensity ratio of the incident light to the transmitted 
light, K, and K, are, respectively, the scattering coefficient and the ex- 
tinction coefficient which describe the total dissipation of incident radiant 
energy, 7 is the number of particles per cc. / is the length in cm. of the 
path traversed by the light, r is the radius of the particle. 

Eq. (7) differs from the equation of Stratton and Houghton (15) 


: by a factor of 2. LaMer and Sinclair (1) found (1941-42) that their experi- 
- mental results did not agree with the theoretical equation of Stratton and 


Houghton. They questioned the earlier theory and offered Eq. (7) as 
a substitute. This question has since been treated in detail by Sinclair (21) 
and Brillouin (22) and independently by Van de Hulst (11), who refers 
to the independent work of Bricard (12). 

K, and K, may be expressed in terms of the Mie theory as 


rh DQ & n(n + 12 
K,= 32h 2n+1 Heese a oe ee a (9) 
Kr = 2 S n(n + 1) (— 1)" Reall—td, +7 Pra). (10) 
n=1 


For detailed definitions of the functions A, and P, the reader is referred 

to the original papers (6, 7), to Van de Hulst (11) and the forthcoming 

review by Sinclair and LaMer (Aerosol Symposium, Chem. Rev. 1949). 
Eq. (10) can be written in the form 


K.(m, k, «) = Real F(m — imk, a)], (11) 


where F is a complex function of the complex refractive index m — amk. 


For nonabsorbing particles (k = 0) we write 
F(m, a) = K(m, a) + 1L(m, a), (12) 
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where K and L are real functions of the real refractive index m. Then 
we have: 


B.GareictowAmne te) wz K(origibe) eben Gl remo icttoae ae Koei uate 
op Gi ined DN aR Jam Enved): ha WSN 


By substituting —imk for Am and taking the real part in accordance with 
Eq. (11), Horenstein and Lowan (23) have set up the following poly- 
nomial for the coefficients for either scattering or for scattering plus 
absorption. 


sas 4} 
K.(m, —imk; a) = K(m; a) + mkL'(m; a) — ae (m; a) 


2 a Ge > a) enliate Km; a). (14) 
The primed quantities denote partial derivatives with respect to m. 
Van de Hulst (private communication—see Eq. 8.5 of Rev. 11) points out 
that F = K + iL has the physical significance of giving the amplitude 
with the correct phase of the forward scattered light. Eq. (14) is a function 
of m and k only and each a value requires a separate polynomial equation. 
Equations are presented for a values from 0.5 to 7, and an example for 
a = 2 is given as: 


K(m, —imk; 2.0) = 138.07672 — 287.92558m + 197.32048m? 
— 43.95881m? + 47.86197mk — 30.96270m?k 
— 197.32048m?k? + 131.8674m3k*. (15) _ | 


The polynomial form for other a values may be found in the report of 
Horenstein and Lowan (23). 

When the particles are nonabsorbing, the polynomial expressions for 
all a values reduce to functions of the real refractive index, giving the | 
scattering area coefficient (K,). The terms in the equation involving k 
give the contribution of the complex index of refraction. These approxi- 
mate polynomials are valid only for an absorption index up to 0.1, and for | 
relative refractive indices from 1.33 and 1.65. Considerable error may 
appear in the extrapolation beyond m = 1.55 and below m = 1.44 when | 
values larger than 3 are used. 

The use of these polynomials permits the computation of K(m, —mk; a) 
for a range of values of m and k without recourse to Mie’s or Stratton’s 
formulae and their complications. It is no longer necessary to refer to 
an extensive table of Bessel functions Jn4;(Z) of complex variables for _ 
a range of Z and n where Z is equal to (m — imhk). 
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Determination of Particle Size. The size and number of particles are 
calculated from transmittance measurements using Eqs. (7) and (8). 
The theoretical log K, or K. values are plotted as a function of log a, 
and the experimental quantities log (log J,/I) are plotted against log 1/)’ 
on the same graph. The displacement along the abscissa necessary to 
superimpose the theoretical and experimental minima is equal to log 
2ar and the displacement along the ordinate, is equal to 


(log K. or K,) — log (log J,./I) = — log rr’nl/2.3. (16) 


EXPERIMENTAL 


Preparation of the Monodispersed Sols. Monodispersed sulfur sols were 
prepared by the method of LaMer and Barnes (2) by mixing exactly 1 ce. 
of 1.0 M sodium thiosulfate with 998 cc. of distilled water and adding to 
this exactly 1 cc. of 1.5 M sulfuric acid. All components were maintained 
at 25°C. + 0.1° before and after mixing. At desired time intervals, the 
growth of the particles was stopped by partial decomposition (60-70%) 
of the stoichiometric amount of thiosulfate by addition of iodine. Com- 
plete decomposition of the thiosulfate causes a reversal of the reaction 
with consequent instability and resolution of the sulfur particles during 
measurement. 

Ultraviolet Angular Scattering. An instrument to measure the ultra- 


: violet ‘‘orders’”’? was constructed of the following essential parts: (a) 


Ultraviolet light source and optical system, (b) an electronic detecting 


- system for measuring the intensity of the scattered light, and (c) a pro- 


tractor for measuring the angle between the incident light and the point 
of observation. 

The optical system consisted of a quartz lens and parallel slits to 
collimate into a parallel beam the light from a General Electric AH-4 
Mercury Vapor lamp. The scattered light from the sol was passed through 
a Nicol prism oriented so that only the vertical component of the light 
reached the detecting system. The 3650 A line of the mercury spectra 
was isolated with a Corning glass filter No. 586 and the 4360 A line was 


isolated by a combination of Corning filters No. 511 and No. 038. The 


transmittance of these filters were checked on a calibrated spectro- 


photometer. The optical system is shown in the sketch of the apparatus 


in Fig. 1. 


The detecting system consisted of an electronic amplifier (24) with 


an R.C.A. 929 photo tube. The current produced by the light was main- 
- tained at zero by means of a back E.M.F. supplied from a potentiometer. 


The sulfur sol was placed in an 8 cm. Pyrex crystallizing dish on a 
circular table which was graduated in degrees. This table turned through 
an arc of 180° and the angle could be set at intervals of 5° from 30° 


to 170°. 
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Fie. 1. Angular scattering apparatus. 


A = Amplifier F = Crystallizing dish 
B = Phototube G = Slits6 mm X 6mm 
C = Filter H = Quartz lens 6” F.L. 
D = Nicol prisms I = HO cooled jacket 
E = Protractor stand J = AH-4 mercury lamp 


Present available tables of intensity functions were constructed on the 
basis that ai/a, = 1.2. Any two wavelengths that are in ratio of 1.2 can 
be used to determine order positions from the available tables. The 3650 A 
and the 4360 A lines of the mercury spectra are in the ratio 1.195 and 
therefore meet this requirement. Since there is no absorption for the 
4360 A line, the complex angular scattering functions are not required — 
at this wavelength. 

The orders were determined by measuring the intensity of the vertical 
components (J1) of the scattered light at 5° intervals from 3° to 170°, 
at a wavelength of 3650 A and the measurements repeated for a wave- 
length of 4360 A. The ratio of the intensities of these two wavelengths, 
JWa360/J d3650, Were then plotted against angle. The angles where this 
ratio is a maximum correspond to an order of 4360 A. Likewise, the 
minima correspond to orders of 3650 A. The angular scattering in the 
ultraviolet is plotted for a typical experiment in Fig. 2, where r = 0.26 u. 
Many distinct orders appear even for these small particles. This sol would 
have exhibited only two indistinct orders if the intensities had been 
measured in the visible. Johnson and LaMer (14) studied angular scatter- 
ing using white incident light and measuring the ratio of intensities of the 
red and green bands as a function of angle 6. They isolated the bands of 
red and green light by means of Wratten filters having maximum trans- 
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J).435/0.365 


30 60 90 120 150 
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Fig. 2. Ultraviolet¥angular scattering. r = 0.26 u 


mittance at 6290 A and 5240 A, respectively. With this illumination, the 
“orders” appear as wide bands, while, with monochromatic illumination, 
the orders appear as narrower bands. 

It is important that the correct relative refractive index m be used to 


100 


Fic. 3. UV angular scattering for m = 1.51. \’ = 326 mu. 
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obtain agreement between theory and experiment. For \ = 4360° 
(\’ = 3260) m is 1.51. Curves for m = 1.51 were obtained by graphical 
interpolation (Fig. 3) from the available tables for m = 1.33, 1.44, 1.55, 
and 2.0. Experimental points are shown in circles. There is remeriee 
good agreement between theory and experiment. 

Table I shows the results of several experiments with the angular 
order positions. The particle radii are accurate to +0.005z. 


TABLE I 
Ultraviolet Angular Scattering 
m = V51 
Order positions 61, 02, 03, -** 
Age in min. Radius in pu for \ = 43 
$0 194 53, 70, 81, 95, 115, 145 
90 .212 55, 80, 91, 104, 122, 146 
90 .205 46, 63, 82, 103, 121, 146 
105 .238 —, 45, 65, 85, 105, 121, 153 
116 .226 48, 60, 70, 97, —, 131, — 
(10 ce. of 1 m KCl) 
120 .269 36, 52, 85, 95, 120, 132, 143, 160 
2120 4.272 256, 788, 7138 
120 .264 55, 80, 90, 116, 131, 142, 157 
120 229 50, 66, 88, 121, 182, 152 
(10 ec. of 1 M KCl) 
150 .294 48, 65, 99, 125, 139, —, 168 


@ Measured in the visible (A = 6720). 


The radii determined with ultraviolet light agree with those obtained 
using visible light. Since the experimental values will not fit any other 


relative index, this agreement shows that 1.51 appears to be the correct. 


relative index of refraction for this system at a wavelength of 4360 A. 

If other wavelengths or other colloidal systems are used, it is necessary 
to know the relative index and, after knowing this relation, the angle of 
order appearance as a function of a can be interpolated graphically for 
any relative index of refraction between 1.33 and 2.0 from the available 
computations in OSRD Report No. 1857. 

Higher orders do not appear in the Tyndall spectra until after the 
particles have grown to a size corresponding to a > 2 approximately, 
1.€.,7 = ’/3 or \/4. This has been verified theoretically and experiment- 
aly The number of these orders are, therefore, dependent upon the wave- 
length used. When the wavelength of 6760 A is used, the smallest particle 
that will exhibit an order is approximately 0.20 u. 

In the visible, if the sol is relatively polydispersed, the central orders 
become diffuse and finally disappear. The same phenomenon occurs in the 
ultraviolet. 
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Ultraviolet Transmittance and the Use of the Complex Refractive Index. 
The transmittance of the sols was measured on a Beckman quartz spec- 
trophotometer, Model DU, at intervals of 50 A from 2850 A to 4000 A 
using 10 cm. quartz absorption cells. The value of J, was adjusted using 
a solution of 0.001 M@ sodium thiosulfate to which was added the same 
amount of iodine as was used to stop the growth of the sol. 

In the case where the particles absorb as well as scatter, the complex 
refractive index will be required to calculate the extinction area coefti- 
cient, K.. The relative complex refractive index m = m'(1 — ik) where 
m’ is the ordinary relative refractive index and k is the absorption index 
in the expression 

—4rkz 


de mii, (17) 


x = the thickness of the layer. 

Sulfur exists in colloidal dispersions as S, and §).(25), the form depend- 

ing upon the method of preparation. If the sulfur sol is prepared by using 
concentrated solutions of thiosulfate and acid, S, will predominate, but 
in dilute solutions 8, is formed. The sols used in these experiments con- 
“sist chiefly of S, since most of the sulfur can be extracted with CSy». 
The colloidal sulfur particle consists of sulfur and a film of polythionic 
acids and thiosulfuric acid (26). Only sulfur absorbs (4) at the wave- 
lengths used in this study so that it was necessary to measure the absorp- 

tion index of pure sulfur (S,). The sulfur was purified according to Bacon 

and Fanelli (27). 

Absorption Index of Sulfur. A cell was fabricated to hold the sulfur at 
its melting point while transmittance measurements were made. Molten 
sulfur (S,) at a temperature of 119°C. was pressed between two optically 
flat quartz plates (20 mm. X 20 mm.) by means of four screws on the 
cell holder. An electric heater was connected to the cell holder and the 
temperature on this heater was controlled by means of a Variac to main- 
tain the sulfur at its melting point. The transmittance was quickly 
measured for several wavelengths between 4000 A and 3200 A. 

The thickness of the sulfur film (approximately 30u) was measured 

by means of a microscopic comparator. Several thickness readings were 

made on the four edges and the average taken as the overall film thick- 
ness. The measurements of thickness could be reproduced to within Ly. 
From the thickness and transmittance measurements, the value 
of the absorption index as a function of wavelength was calculated. Table 
II shows the averaged results of several determinations and Fig. 4 is a 
plot of the averaged log k against }. The decrease in the light transmitted 
due to reflection has been neglected, because it is small compared to the 
experimental error in measuring the absorption index. 
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TABLE II 


Absorption Index of Sulfur as Function of Wavelength 


d k k(av.) 
4000 A 0015 0017 


3300 .0030 0028 


3600 .0040 .0044 


k x 10> 


3000 3400 3800 4200 4600 
(air) 


Fic. 4. Absorption index for liquid sulfur (8). 


It was found that the following values for the absorption index would 
be required in the calculation: 


r» k 
3000 A 0.013 
3500 0.0045 
4000 0.0017 


For wavelengths greater than 4000 A the absorption index can be neg- 
lected. 


Refractive Index of Sulfur. A linear relationship exists for the loga- 
rithm of the absorption index of sulfur as a function of wavelength for 
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normal dispersions over the range involved. The dispersion for sulfur 
sols in the wavelength regions studied is normal and, therefore, the ab- 
sorption index can be extrapolated a short distance to wavelengths other 
than those measured. Lifschitz and Brandt (28) measured the refractive 
indices of an Odén sulfur sol at several concentrations and at wavelengths 
from 6563 A to 4861 A. They found that the refractive index of the sol 
was directly proportional to the concentration of the sulfur present. 
The data are tabulated in Table III, and Fig. 5 shows a plot of the rela- 
tive refractive indices of sulfur as a function of wavelength. The relative 
refractive indices used in Fig. 5 were obtained by dividing their averaged 
index by the refractive index of water at the wavelength in question. 


TABLE III 
Relative Refractive Index of Sulfur as a Function of 

A m 
6563 1.46 

5890 1.479 

5350 1.495 
: 4922 1.50 
| 4861 1.51 


| Calculated from averaged data of Lifschitz and Brandt (28). 


1.545 
1.52 
1.50 

— 148 


146 


142 
3000 4000 5000 6000 7000 8000 


d 


Fic. 5. Relative refractive index for colloidal sulfur. 


The curve was extrapolated to the near ultraviolet region. This ex- 
rapolation was justified since the refractive index of a sulfur sol was 
ehecked by means of a hollow prism on a spectrometer with the mercury 
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spectrum. The relative refractive index to three significant figures as a 
function of wavelength was verified to be a straight line to A = 4050 A, 
Further extrapolation to 3000 A was justified on the basis of experimental | 
checks of particle size as determined by angular scattering and trans- 
mittance methods. 

The sulfur sol (formed in 0.0010 M NaS20;3 and 0.0015 M H2SOx) | 
begins to absorb appreciably at a wavelength of approximately 3800 A | 
and the absorption maximum is reached at approximately 2800 A. The | 
studies were extended only to a wavelength of 3000 A, in order to avoid | 
complications of an anomalous dispersion. 


TABLE IV 
Theoretical K, and K, 


K, K Is A 53 1.54 
m=1. m=1. a m =1. 
a m = 1.50 m = 1.52 k =.0017 | ™ = 1:53 k = 0045 | ™ = 1.54 hk = 013 


1.0 0.2151 0.2323 0.2394 0.2411 0.2599 0.2501 0.3045 
1.5 0.7528 0.8179 0.8289 0.8518 0.8823 0.8867 0.9700 
1.8 1.3489 1.4835 1.4921 1.5538 1.5748 1.6259 1.6790 
2.0 1.7984 1.9442 1.9463 2.0162 2.0197 2.0874 2.0933 
2.5 2.5395 2.7261 2.7273 2.8234 2.9234 2.9234 2.9145 
3.0 3.4180 3.5458 3.5324 3.6024 3.5627 3.6544 3.5453 
3.6 4.1849 4.2972 4,2740 4.3354 4.2478 4.3612 4.1214 
4.5 4.2025 4.0851 4.0067 4.0113 3.9328 3.9293 3.7786 
5.0 3.9278 3.8648 3.7813 3.8059 3.7235 3.7241 3.546 


5.5 3.1816 2.9480 2.8403 (2.8578) 2.7438 (2.7842) 
6.0 2.9039 2.5971 2.4565 | °2.4807 2.3264 2.4091 
6.5 2.3672 2.3260 2.2627 (2.26) 2.1581 (2.2511) 
7.0 1.848 

7.2 ALriCAl| 

8.0 1.777 


¢ 2.5013 if k = 0.009. This corresponds to 100% error in the measurement of the 
absorption index. 


( ) values obtained by an approximation method and are accurate to three sig- 
nificant figures. 

K, = scattering coefficient. 

K, = extinction coefficient. 


K, and K. as Functions of r/d. The theoretical values for the extine- 
tion coefficients (K.) calculated using the polynomial formulae for the 
sulfur sol system which has m = 1.52, 1.53, and 1.54 when the absorption 
index is .0017, .0045, and .013, respectively, are tabulated in Table IV. 
Similar values for the scattering coefficients (K,) are also tabulated. The 
scattering coefficient values (K,) are the values when the relative refrac-. 
tive index is real or when there is no absorption. | 
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The values of K., for a values of 5.5 and 6.5, using the relative index 
f 1.52, 1.53, and 1.54, and the absorption index of .0017, .0045, and 
.013, respectively, especially were calculated by Mr. William Horenstein 
nd staff under the direction of Dr. Arnold Lowan of the Mathematical 
“ables Project, National Bureau of Standards. 

The theoretical values for the extinction K, and scattering K, coeffi- 
ients for m = 1.54 and K, for m = 1.50 have been plotted logarithmi- 
ally as a function of a in Fig. 6. In contrast to m = 1.50, the plots of the 
heoretical points for m = 1.54 show smooth curves for K, and K, with 
0 apparent minima. This is because the theoretical points were calcu- 
ated for fairly large intervals of a values. To locate a minimum theoreti- 
ally would require a very large number of intermediate points because 
t is known that the scattering curve is an oscillating function for large a 
alues. The minimum in the curve of K, can be determined experimentally 
s shown in (29). 

Transmittance and angular scattering measurements were accord- 
ngly made simultaneously on several sols at 90 and 120 min. after mixing 
he acid and thiosulfate. The radii obtained from angular scattering were 


2 3 at 8 yer ees 


Fic. 6. Theoretical K, and K, as a function of a. 
O = K, for m = 1.50 
A = K. for m = 1.54 
O = K, for m = 1.54 
x-x-x = Experimental 
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previously calibrated by a deposition method based upon Stokes’ Law. 
When the log (log J,/Z) was plotted against log a, a minimum was ob- 
served at a = 5.7. The experimental curve is otherwise superimposed on 
the theoretical with agreement as shown in Fig. 6. 


TABLE V 


Determination of « Minima for Transmittance by means of Angular Scattering 


Number of particles from transmittance 


Radius from 
Minutes after : angular 
mixing nu Number pa scattering u 
(min.) » «107% 

90 0.250 1.3 5.3 0.21 

90 0.255 0.7 ad 0.23 

90 0.254 1.3 50 0.23 

116 0.256 felt 5.7 0.23 

120 0.280 0.8 6.0 0.27 

120 0.276 0.6 6.1 0.27 


Table V shows the )’(min.), the radii obtained by angular scattering, 
the number of particles per cc., and the calculated a minima. The a 
minimum depends upon the relative refractive index and the absorption 
index of the system. The following a minima are applicable for the various 
minima obtained by transmittance: 


’min. a 
.250 5.7 
.280 6.1 
.320 6.8 


For larger r values corresponding to ’ > 0.32u, no absorption occurs and 
the value of a = 6.8 determined previously (29) in the visible is constant. 

Particle size and number can thus be determined in this system by 
measuring the transmittance to locate a(min.) and using the appropriate 
a(min.) when \’ < 0.320. The log J,/I values as a function of )’ for 
several sols are shown in Fig. 7. The radii and number of particles per ce. 
have been calculated using a = 5.7 and are tabulated in Table VI. The} 
particle size and number can thus be determined without use of the com-} 
plicated Mie theory and the entire set of measurements can be com- 
pleted in approximately 10 min. 

The theoretical curve of the extinction coefficient as a function of a 
is given for only one relative refractive index. The experimental curve is 
obtained by varying the wavelength and, thus, the index of refraction is 
changed accordingly. Therefore, these two curves can only be compared 
at one point where the index corresponds. The most characteristic point 
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Fig. 7. Ultraviolet transmittance. 
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Ea 
.04. 
.05 


Particle Size and Number Obtained by Transmittance 


QUAyVAPeE 


Minutes after 
mixing 


ahve n X 10-%/ce. Radius in 
0.242 1.4 0.22 
0.248 1.5 0.23 
0.252 13 0.23 
0.245 1.4 0.23 
0.248 1.2 0.23 
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to compare is the minimum. This explains the lack of complete agreement 
at higher values between experimental and theoretical values obtained 
previously in the visible (29), where theoretical scattering coefficients, 
K,, were used for a fixed relative refraction index of 1.5 in their particle 
size determinations. Excellent agreement was obtained up to a values of 
6, but deviations appeared for values greater than 6. 

The absorption index of sulfur is the least accurate of any of the data 
since the sulfur probably existed as a wedge, and small changes in the 
temperature would have affected the absorption index. Calculations to 
test the effect of an error of 100% in absorption index upon the extinction 
coefficients are shown in the starred value Table IV. Small errors in the 
absorption index determination do not affect the extinction coefficient 
appreciably. The calculation is, however, sensitive to small changes in the 
relative refractive index, and this quantity must be known accurately 
to three significant figures. 

The size distribution of the particles affect. the transmittance curves 
quite noticeably, as shown in Fig. 8. Curve A gives the transmittance of a 
polydispersed sulfur sol made by adding to water a solution of sulfur in 
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Fig. 8. Effect of size distribution on transmittance. 


Sol Age P.L. 
A 0 
B 120 min. 0 
C 60 min. —003 
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wcetone and allowing the resulting larger particles to settle for 2 hrs. No 
ine structure is evident and no minimum is shown. Curve B shows the 
ransmittance of a monodispersed sol (r = .27u) 120 min. after mixing 
she thiosulfate and acid. Considerable fine structure and a minimum 
exists. Curve C is the transmittance of a thiosulfate-acid solution before 
iny sulfur particles have formed and shows the absorption that exists 


n the absence of scattering. 
The optical scattering methods now available for measuring particle 


ize are: 


(a) Angular scattering, 
(b) Transmittance, 
(c) Depolarization, 
(d) Tyndall spectrum of zero order (Rayleigh Equation). 


The best procedure to be adopted for a given case depends upon the size 
Mf the particles and the optical characteristics of the system, as sum- 
narized in Table VII. 


TABLE VII 


Summary 


Optical Methods of Determination of Particle Size 


Ratio of Equation Method of Remarks 
rtor applied measurement 

1/20 Rayleigh Tyndall spectrum | The Rayleigh theory is the limiting 
of zero order pro- | form of the Mie theory when the 
portional to r§/d* | radii of the particles are very much 

smaller than 2. 

1/20 to 1/3 | Mie Depolarization For sizes larger than 1/3 the wave- 
length of light, a is a multivalued 
function of depolarization. 

1/3 to 1.3 Mie Angular order Any two wavelengths can be used, 
positions in the provided that 2//Ai’ = 1.2. (For 
higher order Tyn- | present available tables.) If absorp- 
dall spectra tion is present, then complex index 

of refraction is required. 

1/10 to 1.4 | Mie Transmittance Real index of refraction in cases 
where there is no absorption. Com- 
plex if absorption is present. 

>1 Geometrical | Diffraction rings 


optics 


Microscope 
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SUMMARY 


The light scattered by a mondispersed sulfur sol exhibits higher order 
Tyndall spectra whose wavelengths are dependent upon the composition 
of the incident light. To study the angular scattering by small particles, 
an apparatus was constructed, using the ultraviolet spectra and an elec- 
tronic means of measuring the intensities of the scattered bands. 

Monochromatic incident light was furnished by the 3650 A and 4360 A 
lines of the mercury spectra. The intensity of the scattered light of these 
wavelengths was measured at 5° angular intervals from 30° to 180°. 
The ratio of J\4360//43650 was plotted against the angle between the 
point of observation and the backward direction of the incident light 
propogation. The maxima in such a curve give the location of the 4360 A 
“orders.” The order positions are a function of the particle size and the 
relative refractive index of 1.51, and from this the radius was determined 
directly. The orders are sharp and the error in determining the angular 
positions has been decreased by replacing natural light by monochro- 
matic incident light. 

Transmittance studies have been made on sulfur sols in the region 
where absorption as well as scattering is present. When absorption exists, 
the inclusion of complex index of refraction m’ = m(1 — 7k) is required in 
all calculations. The complex index of refraction has the effect of reducing 
the wavelength of the minimum in the curve of the logarithm of the ex- 
tinction area coefficient as a function of log a. This means that the cal- 
culated radius will be smaller than the value obtained if the absorption 
had been neglected. 

In previous investigations it was necessary to use the complex index 
in extremely complicated and laborious calculations, to determine the 
value of the extinction area coefficient. With the simplification of the 
calculation process, which expresses the extinction coefficient as a poly- 
nomial involving only the relative index of refraction of the particles and 
the absorption index, it is possible to make particle size and number 
determinations in a comparatively easy manner. 

A transmittance method has been developed to determine particle 
size of colloidal sulfur in the region of absorption where the absorption 
index does not exceed 0.1. The size obtained from transmittance has been 
calibrated by angular scattering measurements. 


CONCLUSIONS 


1. The scattering of monochromatic ultraviolet light as a function 
of angle has been used to determine radius of particles in sulfur sols. 
It is shown that the observed higher order Tyndall spectra agree with the 
theoretical positions of the orders when the appropriate complex index of 
refraction for the wavelength is used. | 


LIGHT SCATTERING. I. It 183 


2. From the available tables, it is now possible to interpolate intensity 


values for angular scattering positions for any relative index of refraction 
between 1.33 and 2.00. 

3. Transmittance furnishes a simple means of determining size and 
number of particles in the region where there is absorption as well as 
scattering, provided that the absorption index k does not exceed 0.1. 
The Mie theory has been verified, using the complex refractive index 
m’ = m(1 — tk). 

4. The extinction area coefficients have been calculated for the sulfur 
sol system at several indices of refraction. 
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THE BINGHAM MEDAL-SOCIETY OF RHEOLOGY, 1948 


Twelve excellent and provocative papers were presented at the Annual 
Meeting, November 5 and 6. Nine are reproduced in detail in this issue. 
‘wo of the papers have been submitted for publication in other journals, 
s indicated with their abstracts which appear herein. Professor Eirich’s 
xcellent review of the recent International Rheological Congress at 
cheveningen (The Hague) is presented in condensed form, since the 
roceedings will be available elsewhere. In addition, a paper by Dr. J. G. 
droyd, Courtaulds Limited Research Laboratory, England, which the 
ociety would have been pleased to hear, is also included in this issue. 

An unusual movie, ‘‘High Speed Motion Pictures as a Laboratory 
‘echnique” was shown by Drs. E. K. Fischer and J. C. Burnett during 
he evening’s social activities on November 5. 

The highlight of the meeting was the presentation of the first annual 
3ingham Medal to Dr. Melvin Mooney, United States Rubber Co., for 
utstanding achievements in Rheology. Following are extracts from the 
eport of the first E. C. Bingham Medal Award Committee to the Execu- 
ive Committee on the establishment and presentation of the award. 

“The death of Eugene Cook Bingham on November 6, 1945, brought 
0 a close a period which might be called the first quarter century of 
heology as a science. Its history is practically synonomous with the 
etivity of that later part of Bingham’s life’’. 

—‘“During this progress (of the Society of Rheology) Professor Bing- 
am was intimately associated with each event and, in most cases, was 
istrumental in setting up the course of action. It was fitting, therefore, 
hat the Society should sponsor the first memoriah meeting for its greatest 
enefactor, namely, the ‘Bingham Memorial Symposium on Rheology’ 
thich was held November 1 and 2, 1946, at which time Mrs. Bingham was 
he guest of honor’’. ““—on accepting a gift from Mrs. Bingham in behalf 
i her husband, the Executive Committee recommended that the gift 
ould be appropriately used as the initial contribution to a fund to provide 
‘suitable award for outstanding achievement in rheology. The Society 

mediately authorized—the establishment of the ‘E. C. Bingham 
: in Rheology’ and the solicitation of additional funds to provide 
yr an annual award of a suitably inscribed medal”. —‘‘The purpose of 

e Award—is to recognize outstanding contributions to the science of 

eology and to foster and encourage such contributions on the part of 
shers—.”’ 
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—“The medal may be awarded to any individual who has made out- 
standing contributions to the science of rheology or to the Society of 
Rheology within the ten years preceding the date of the award, provided 
that he has not previously received the award and that he is a resident of 
North America or a United States Possession. It shall not be necessary 
that he be a citizen of his country of residence or a member of the Society 
of Rheology.” 

Condensations of Dr. Dillon’s “citation” of Dr. Mooney and the latter’s 
‘‘acceptance” appear on following pages. 

At the 1948 business meeting, the Society voted that the ‘Rheology 
Bulletin” be resumed in 1949, and that its form and dates of issue be the 
responsibility of the editor as prescribed in the Constitution and By-Laws 
of the Socicty. In any event, one issue shall appear early in each calendar 
year and one prior to the Annual Meeting. 

W. H. Marxwoop, Jr. 
Editor, Society of Rheology 


Introduction of 


MELVIN MOONEY 
as E. C. Bingham Medalist 


J. H. Dillon 


Members and guests of the Society of Rheology assembled at its 1948 
annual meeting: 
It is indeed a pleasant privilege which I hold—that of introducing to 
_ you the first recipient of the E..C. Bingham Medal award. The scientist 
whom we are about to honor thus happens to be an old friend of mine. 
_ Hence, I feel that I know him as a man as well as a fellow rheologist. 

A native of Kansas City, Missouri, our medalist attended the Univer- 
sity of Missouri, receiving the A. B. degree from that institution in 1917. 
His graduate studies, conducted at the University of Chicago, yielded 
him the Ph. D. degree in Physics in 1923. In 1928 he accepted a position 
as physicist with the United States Rubber Company, and his continuous 
service with that firm since that time has been a story of accomplishment 
which has established him as one of our leading applied scientists. 

He has been an active member of the Society of Rheology since 1930 
and served as its president in 1936. He also holds membership in the 
American Physical Society and was a member of the governing board of 
the American Institute of Physics from 1936 to 1939. 

Even in his earlier papers it was apparent that he possessed that rare 
gift of competence in both experimental and theoretical science. His 
studies of the flow of unvulcanized rubber constitute a set of classics, both 
as regards theoretical soundness and individuality oftthe laboratory attack. 
It is not surprising, then, that his fundamental research approach re- 
sulted in an instrument used throughout the rubber industry, and known 
as the Mooney shear viscometer. His efforts have not been confined to the 
flow of crude and unvulcanized rubbers, however; he has studied the flow 
of rubber latex profitably—here the Mooney coni-cylindrical viscometer 
was the practical result. We should hasten to add, of course, that these 
well-known instruments are only the applied evidence of the excellence of 
his research attack—the basic work constitutes the major contribution. 

In the realm of vulcanized rubbers, our medalist has made further 
salient contributions. His rather abstract theoretical treatment of rubber 
elasticity has been verified again and again by subsequent theoretical and 
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experimental work. Some of us who have conversed with him on his 
current work are awaiting with interest publication of his studies of 
thixotropy and dynamic properties of rubbers at large strains. 

But, in spite of his acknowledged ability and dominance in the field of 
rubber rheology, our medalist remains a modest, charming individual 
whose thoughtful comments at our meetings continue to add to, and 
accelerate, the work of others. On that note, then, ladies and gentlemen, 
I give you our Bingham Medalist—Dr. Melvin Mooney. 


Speech of Acceptance 


When I began working 20 years ago with the U. S. Rubber Company, 
my present employer, my first major assignment was to investigate the 
problem of controlling the plasticity of raw rubber stocks in the factories. 
That was obviously a problem in a field which has since then been given 
the name of rheology. A large fraction of the other problems assigned to 
me in the intervening years have also been in the field of rheology. To 
enable me to carry on this work, I was, of course, supplied with laboratory 
facilities, assistants, and all the usual associated services. Furthermore, it 
has been my privilege to attend the stimulating meetings of the Society 
of Rheology every year since its foundation. 

With such continuous assignments, support and stimulation for rheolo- 
logical research, I could only be judged grossly incompetent if, over a 
period of 20 years, I had not made a number of contributions to the grow- 
ing science of rheology. If these contributions merit the Bingham Medal, 
surely it will be recognized that those who have been associated with me 
in any way in my work are entitled to share the honor of the award. 

Nevertheless, I will confess that I am sufficiently selfish to be pleased 
that the Bingham Medal for 1948 is formally awarded to me. One reason 
that I feel this way is because of my lasting regard for the man in whose 
honor this medal is awarded, Eugene C. Bingham; and I am glad that one 
side of the medal carries the likeness of this illustrious leader. Professor 
Bingham was not only a pioneer and leader in the science of rheology; he 
was also a man so friendly and generous in all his personal relations that 
none could know him without loving him. Being one of those fortunate 
enough to have known and loved him, I am especially grateful for the 
honor of receiving the first Bingham Award. 


M. Moonry 


IMPRESSIONS FROM THE INTERNATIONAL RHEOLOGICAL 
CONGRESS, SCHEVENINGEN. 1948 * 


F. R. Eirich 
Polytechnic Institute of Brooklyn, Brooklyn, N.Y. 


In view of the scope of the Congress no more than a rather brief and cursory account 
can be given. The complete record will be found in the proceedings of the Congress which 
will be available in a few months and which will contain not only all lectures but also 
most of the discussion remarks. 


ORGANIZATION AND EVENTS 


The Congress was attended by about 250 registered members from about a dozen 
countries, including an unusually high percentage of leading names in European rheology. 
It provided general introductory lectures and short individual lectures grouped into 
sections such as: theoretical problems, rheological properties of various systems, biolog- 
ical systems, experimental methods, and applied rheology. The number and the standard 
of the general lectures was unusually high and all but dominated the program. A special 
attraction was an exhibition of rheological apparatus arranged by R. N. J. Saal. It was 
remarkable not only for the great number of pieces of apparatus exhibited but in partic- 
ular for its set up. The leading idea was to achieve a functional classification according to 
the way by which the deformation of the test piece was achieved, or was changed with 
time. There were further subdivisions according to the conditions of measurement, range, 
and accuracy. The section, ‘‘Homogeneous shearing stress” contained parallel plates-, 
ring-, and concentric rotation- and translation viscosimeters, and tensiometers main- 
taining constant stress. The next heading of ‘“‘Non- homogeneous stress distribution, with 
variation of the shearing stress along one coordinate,” comprised capillary viscosimeters, 
plunger-, torsion viscosimeters, etc. Then followed instruments where the shearing stress 
varied along two coordinates, suchas compression plastometers and a number of penetra- 
tion tests, and lastly, stirrer and falling sphere types, viscometers with sloping tube, etc., 
in which the shearing stress changed along all three coordinates. A further distinction was 
made as to whether the stress remained constant throughout the time of the measure- 
ment, or not, and a special section contained instruments with alternating stresses. 


Tue LECTURES 


Aside from their survey character the general lectures covered a great deal of out of the 
way subjects, and dealt with new developments. 

The “Introductory Remarks on the Problem of Nomenclature” by J. M. Burgers were 
a condensation of his report in preparation with Scott Blair on the same subject. After 
emphasizing that there were a number of independent ways for arriving at a self consis- 
tent nomenclature, he discussed the merits of the two most obvious possibilities: that of 
describing materials and material behavior in terms of their physical- or structural 
qualities, and the phenomenological-mechanical description. The limits of the former 
arise from our limited knowledge of structures, and as for the latter from frequent experi- 
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mental difficulties to establish clear cut relations. Preference is given to the pen 
logical approach on account of its more direct nature and of its providing mutually 
sn ae dealt with Born’s and his attempt to develop a molecular theory 
of viscosity and other macroscopic quantities on the basis of a knowledge of the force . 
fields and the (statistical) configuration of the constituent molecules. Since any deform- 
ation causes a distortion of this configuration, a stress-strain relationship can be ar- 
rived at. The formalism had been developed for the viscous case and was now also 
presented for the elastic response, including a few remarks about relaxation times. 
Although no numerical values have as yet been calculated, and may not be for some time, 
it is my impression that Born and Green’s attempt represents so far the most significant 
and satisfactory progress in the a priori calculation of mechanical properties. It promises, 
moreover, to give some information about finite deformations. 

In contrast to this. structural approach, Weissenberg, and in a subsequent lecture, 
Reiner, treated the problem of anomalous deformational behavior on a macroscopic- 
phenomenological basis. Weissenberg reviewed his theoretical and experimental work 
during and since the war, which is to a large extent already known. His theory deals with 
a continuity of mass-points with forces arising whenever these mass-points suffer relative 
displacements. He shows that the 3 superimposed conditions of continuity, equilibrium 
of forces and the existence of an equation of state are sufficient to determine all possible 
rheological transformations and respective parameters. The deviations from the simple 
laws at larger deformations are traced to the coming into play of higher order (non-linear) 
terms in the stress tensor, and are connected with the behavior of liquids with residual 
elasticity. He also stresses the fact that what is usually called “normal” behavior is really 
an exceptional one, representing special cases of the most general behavior. 

In a parallel attempt to develop a formalism to cover rheological complexity Reiner 
gave an important lecture. After reviewing his formulation of rheological equations of 
state for complex bodies, by building them up from the equations of simpler theoretical 
bodies, he drew attention to frequently hidden or overlooked forms of behavior such as 
solid viscosity, volume flow and plasticity, generalized Poisson ratios, bodies which are 
neither solid nor liquid like that defined by Hohenemser and Prager’s linear general — 
rheological equation, and bodies which may differ in their Poisson ratio on extension and 
compression. In this context it should be mentioned that in a subsequent discussion 
Reiner asserts that he can give an alternative explanation for Weissenberg’s experiments 
if the assumption is dropped that in simple shear all stresses must vanish where for- 
mal resolving into components sets strains equal to zero, and vice versa. Similar comments 
were also made by Rivlin on the basis of his new theory. 

The 4th general lecture was given by Sadron and concerned the viscosity of solutions of 
macromolecules. It was a brilliant exposition, discussing all the merits as well as short- 
comings of the existing theories. In parts he inclines towards the approaches of 
Burgers, Eisenschitz, Kramers, and criticizes the Kuhn-Huggins theories on account of 
their relying too much on the applicability of hydrodynamics on a molecular scale. 

The three following general lectures dealt with applications of Rheology. Dr. A. L. 
Copley gave a very full account of the problems already touched or waiting for rheological 
investigations, in Biology. Dr. Scott Blair returned to the dispute concerning the Nutting- 
equation, reiterating its importance for investigations where the sensory qualities of the 
investigator play a paramount part, and outlined a possible analysis for finding the degree 
of interdependence between results of a variety of tests. In a most enlightening lecture 
Dr. Houwink illustrated how many industrially important materials have either a high 
viscosity and no yield value, or an appreciable yield value followed by a low viscosity 
with low temperature dependence. He showed further how most techincal operations and 
their power requirements are determined by flow properties, how often operating needs 
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and specifications for the finished product clash, how adverse effects of high concentra- 
tions are overcome by the preparation of Ape sions and finally discussed the effects of 
milling, calendering, of storage, etc., with a wealth of instances where technical solutions 
of these problems have been found snd where they are still wanted. 

My own contribution consisted in giving a survey of fundamental experimental 
methods. After a brief discussion on what might be understood under fundamental 
methods and what may be learned from them, insisting on the use of instruments with a 
constant shearing stress throughout the sample, I discussed a few examples from the more 
recent methods and stressed the merits of vibrational techniques. 

Turning briefly to the 40 sectional papers, Goodeve and Weissenberg elaborated 
further their particular theories of anomalous flow properties. Considerable interest met 
the papers by Voet, by Gray and by others dealing with investigations of structural 
properties, or changes, during deformation that help to throw light on the flow mechanism 
itself, a line of rheological research badly needed. Voet measured dielectric constants, 
Gray the birefringence, in rotating cylinder instruments, Nitschmann the force necessary 
to pull threads, and Davies the formation of drops and threads. Burwell dealt with photo- 
electric effects due to frozen stresses and Gonsalves reported an interesting study of 
relaxation phenomena in viscose by means of birefringence measurements. The results 
quoted in these papers are very informative as regards particle interaction and other 
structural effects on the viscosity. Bearing on a different aspect of the same field is a 
paper by G. M. Joly on the influence of molecular structure on the activation energy 
of flow in mono-molecular layers, and a paper by Abadie and Girard on the internal 
viscosity during dielectric rotation, so important for our understanding of segment 
behavior in long chain molecules. Lethersich contributed an interesting paper in the 
related field of creep studies in dielectrics. 

As regards the field of molecular hydrodynamics where renewed interest has been 
aroused by recent work on macromolecular resistance problems, papers were given by 
Kuhn, Brinkman and Simha, as well as a summary of a discussion of Dutch workers on 
some of the principles involved. Within the limits of hydrodynamics W. Kuhn’s approach 
seems theoretically vindicated, especially in the light of Kramers’ recent paper, but 
agreement with the experiment could be still improved, and the value of his model 
experiments remains in doubt. Considerable advance has been achieved by Brinkman 
and by Simha in the theory of hydrodynamic interaction inside groups of spheres. 

Turning to the papers dealing with more practical aspects, there were 3 lectures on the 
topic of the transition from anomalous to turbulent flow. Of these Oldroyd’s mathemati- 
cal analysis with respect to the presence of a wall effect is of considerable interest. An- 
other group of papers dealt with the behavior of relatively coarse suspensions: H. de 
Bruijn with the measuring technique, Mardles with surface adsorption and Romanovsky 
with settling behavior. 

On the industrial side there were papers on the rheology of specific tests for rubber, and 
on the flow of non-vulcanized rubber by Scott, van Rossem, Wren and others. There were 
further papers on printing inks, on lubricating greases, hardening fats, and building 
materials. Finally, there was a report by Astbury on the present state of our under- 
standing of muscle contraction, and a very substantial contribution by J. J. Hermans or 
the theory of swelling which, however, were somewhat outside the scope of the meeting. 

Summing up it may be said that the number of front line topics in theology to which 
contributions were made was very satisfactory indeed, and that the meeting was most 
successful in giving a picture of present trends. The most frequently expressed opinion was 
that the theory had gone well ahead, but that the body of experimental or technical 
facts to which it could apply was yet rather small. This is, of course, due to the failure of 
so many rheological instruments to fulfill the requirements for a theoretical interpretation. 
The difficulties in the way of a radical improvement of this situation, particularly in 
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technical research laboratories, are very considerable. On the other hand, while this 
state of unintentional cross-purpose exists, the usefulness of rheology in the furtherance 
of scientific or technical problems must remain below what might otherwise be expected. 


ADDITIONAL OBSERVATIONS 


A few topics of private discussions on fundamental questions, at which I happened to 
be present, may be indicated. 

There was, e.g., a certain amount of doubt as regards the legitimacy of applying hydro- 
dynamics in chain molecular problems. This applied especially in cases where particle 
movements are preponderantly due to Brownian agitation and where inside coiled chain 
molecules the expanses of solvent are only a few molecules deep. Other difficulties were 
seen in using the Maxwell Boltzmann distribution in non-equilibrium states such as 
represented by a flow, in view of the superimposed velocity distribution; similarly the 
application of Stokes’ resistance equation in liquids other than at rest, or for fluctuation 
phenomena, was questioned. The point was raised whether accepting the increase in 
viscosity due to rotatory Brownian movement of elongated particles does not neces- 
sitate a revision of the prevalent notion that translational Brownian movement does not 
raise the relative viscosity. Finally Eyring’s treatment of flow processes was criticized 
because of the introduction of h in the absence of quantum effects, and because of the 
interpretation of the constant in the exponent as an activation energy instead of as a kin- 
etic energy term. 


PROPOSED NOMENCLATURE FOR ELASTIC AND INELASTIC 
BEHAVIOR OF HIGH POLYMERS ! 


Herbert Leaderman 


From the National Bureau of Standards, Washington, D. C. 
Received February 3, 1949 


INTRODUCTION 


The purpose of the present paper is to summarize certain general 
aspects of the mechanical properties of high polymers, and to propose a 
nomenclature for the description of the observable phenomena. As nearly 
as possible this nomenclature is consistent with present usage in the high 
polymer field and in other fields of the study of mechanical behavior. 

The study of the mechanical behavior of materials is concerned first 
with a description of observable phenomena, and secondly with an inter- 
pretation of these phenomena in terms of constitution. The present paper 
is concerned only with the first, or phenomenological aspect, and not with 
the second, or molecular aspect. In the study of mechanical properties of 
materials, the procedure is to set up simple models representing to a first 
approximation the observed behavior of real materials. A system of 
nomenclature describes observable and related phenomena as manifested 
by these models. Experiments based on these models may be used to test 
their validity, and to develop more complicated models which represent 
more nearly the observed phenomena. The general mechanical behavior 
of condensed systems has been discussed by Burgers (1), Burgers and 
Scott-Blair (2), and in reports issued by the British Rheologists’ Club 
(3,4,5). Experience has shown that phenomena which are of importance 
in some groups of materials are unimportant or absent in other groups. 
For the further development of such mechanical models it is necessary to 
consider specific groups of materials. 

In recent years, much experimental and theoretical work. has been 
carried out on the mechanical properties of high polymers. Such materials 
have included raw and vulcanized rubbers; rubberlike plastics; rigid 
plastics such as polystyrene and cellulose derivatives; and textile fibers 
such as wool and oriented nylon. These investigations have revealed that 
high polymers possess certain mechanical properties in common. The 
similarities in mechanical behavior become even more apparent when 
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polymers are tested under different conditions of temperature and swell- 
ing; for example, in experiments of ordinary time-scales, rubber cooled to 
a sufficiently low temperature possesses the properties usually associated 
with a rigid plastic, while polymethyl methacrylate heated to a certain 
temperature range manifests certain of the properties which a raw rubber 
possesses at room temperature. The following discussion will be restricted 
to a description of what may be called the elastic and inelastic behavior 
of systems comprising or containing long-chain organic molecules, and is 
concerned mostly with the behavior of amorphous crosslinked and non- 
crosslinked polymeric systems. The problems of failure and fatigue will 
not be considered, nor will changes in mechanical properties resulting 
from chemical change. In general, the elastic and inelastic behavior of 
high polymers depends upon the time-scale of the experiment (under given 
conditions of temperature and swelling). The description of the stress- 
strain-time behavior of polymeric systems thus lies within the province 
of rheology. A survey of the properties of such systems has been made by 
Simha (6), while a detailed discussion of their behavior under periodic 
stress has been given by Ferry (7). The proposed standard terms are 
italicized when first introduced, and are collected together at the end of 
this paper. The proposed terminology classifies only behavior and not 
materials; the behavior of a given material depends to a very great extent 
upon the environmental conditions of the test and the time-scale of the 
experiment. 

The discussion will thus be concerned with the relation between stress, 
strain and time in a body of a given material under given environmental 
conditions (such as temperature). If the deformation is homogeneous (such 
as simple tension, simple shear) the strain at a point can be deduced 
simply from the deformation of the body as a whole, and, similarly, the 
stress at a point can be deduced from the applied forces, when inertia 
effects may be ignored. Except when otherwise stated, it will be assumed 
that the stress-strain relationships for a given material are obtained by 
observing load-deformation relationships of a body consisting of the 
material, when subjected to a homogeneous deformation. Except in the 
discussion of the propagation of waves in polymer systems, it will be 
assumed that inertia effects are so small as to be neglected. 


I. Linear Exastic BeHavior oF PoLyMER Systems 
A. Hookean Behavior 


A material may be said to show ideal elastic behavior (under given 
conditions) when the strain is a unique monotonic function of the stress 
and is independent of the previous stress history. This implies that in- 
stantaneous removal of load from a body at any instant results in in- 
stantaneous disappearance of deformation. For example, the relationship 
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between tensile stress and relative length in a specimen of Hevea gum 
rubber at room temperature, for moderate rates of deformation in the 
absence of crystallization, corresponds very nearly to ideal elastic 
behavior. 

The application of forces to a body results generally in both a change 
in volume and a change in shape. In particular, if there is only a change 
in volume, then the stress at any point is simply a hydrostatic stress. A 
body may be said to show Hookean behavior (or Hookean elastic behavior) 
in dilatation, if the fractional change in volume is proportional to the 
hydrostatic stress, and, in addition, if it manifests ideal elastic behavior 
under hydrostatic stress. The ratio of hydrostatic stress to fractional 
volume change is called the bulk modulus, K. The compressibility may be 
defined generally as the rate of decrease of volume per unit volume with 
hydrostatic pressure. For sufficiently small hydrostatic stresses the be- 
havior of high polymers under hydrostatic stress is Hookean, in which 
case the compressibility is equal to the reciprocal of the bulk modulus. 
For high polymers the bulk modulus is of the order of 101° dynes/cm?. (8). 

A simple shear strain y is an example of change in shape without 
change in volume. In general, to maintain a simple shear strain in an 
ideally elastic body a simple shear stress, S, is required, together with 
other stresses if the shear strain is not small (9). A material may be said 
to show Hookean behavior in shear if the shear stress is proportional to 
the shear strain. Under these conditions the ratio of shear stress to shear 

strain is given by: 


Su=nG-y, (1) 


where G is called the shear modulus. The reciprocal of the shear modulus 
will be called the shear compliance, J. For amorphous isotropic polymers 
exhibiting approximately Hookean behavior, the shear modulus is either 
of the order of magnitude of the bulk modulus, namely 10'° dynes/cm’., 
or of a smaller order of magnitude, approximately 10° dynes/cm?. Such 
behavior is found, for example, under certain test conditions in ordinary 
Hevea gum vulcanizates and in slightly crosslinked plastics such as poly- 
styrene crosslinked with divinylbenzene. In experiments of ordinary time- 
scales the crosslinked polystyrene at room temperature and the rubber 
at very low temperatures (say below —80°C.), have shear moduli of the 
order of 101° dynes/cm?. On the other hand, the rubber at room tempera- 
ture and the crosslinked polystyrene heated to a certain range of tem- 
perature (say about 130°C.) have shear moduli of the order of 10° dynes/ 
em?. When the shear and bulk moduli are of the same order of magnitude, 
the body is said to manifest ordinary elastic behavior or ordinary elasticity. 
When the shear modulus is of a smaller order of magnitude than the bulk 
modulus, the material is said to exhibit rubberlike elastic behanor or 
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rubberlike elasticity. In the case of a crystalline isotropic polymer only 
part of the material can exhibit rubberlike elasticity, and, hence, such a 
material may manifest partial rubberlike elasticity. 

When a body of material manifesting Hookean elastic behavior in 
dilatation and shear is subjected to a tensile force, the elongation is, in 
general, proportional to the force only if the fractional increase in length 
is small. Under these circumstances the ratio of tensile stress to fractional 
elongation is called Young’s modulus and is denoted by the symbol £. 
The ratio of the fractional lateral contraction to the fractional elongation 
under the same conditions is called Poisson’s ratzo. 


B. Viscoelastic Behavior 


A material may be said to exhibit viscoelastic behavior in shear if, 
firstly, the relation between shear stress and shear strain at any instant 
depends upon the previous stress or strain history, when the time-scale 
of the experiment if of the same order as some characteristic time, and if, 
secondly, the material exhibits ideal elastic behavior in shear for experi- 
ments of very short or very long time-scales. In particular, a material 
may be said to manifest linear viscoelastic behavior in shear if it manifests 
Hookean behavior in shear for very short or very long values of time scale, 
when the shear moduli are given by G2 and Gi, respectively, where 
G2 > G,. It seems that materials exhibit viscoelastic behavior in dilatation 
as well as shear (6,10,11); this behavior will not be considered here. 

Linear viscoelastic behavior in shear may be represented to a first 
approximation by the following relationship between shear stress S, 
shear strain y, and time ¢: 


(SES + BS) s = (+3) (2) 

This behavior is that of a well-known linear mechanical model, con- 
sisting of a spring and dashpot connected in parallel with each other and 
in series with another spring, or of equivalent models (1,12,13). The 
parameter 7/G; has the dimensions of time and may be called the re- 
tardation time + of the body. In general, 7 will depend markedly upon the 
environmental conditions, for example, temperature. Usually, the be- 
havior of a body under stated environmental conditions will be given only 
qualitatively by Eq. (2), since r may depend somewhat upon the time- 
scale and nature of the experiment. An experiment may be made to fit 
Kq. (2) if, however, 7, and hence m, is chosen to fit the particular experi- 
ment; for any given experiment the appropriate value of 7 may be called 
the effective retardation time for the experiment. If the shear moduli G, 
and G: are of the order, respectively, of 10° dynes/cm2. and 101° dynes/ 
cm’., then the Hookean behavior for the extremes of time-scale corre- 
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sponds, respectively, to rubberlike elastic behavior and ordinary elastic 
behavior. 

Three special types of history will be considered: constant shear stress 
applied at zero time, followed by subsequent removal of stress ; constant 
shear strain applied at zero time, followed by subsequent release of the 
body, and stress varying periodically with time. With the first two types 
of history, the behavior will be analyzed for a material whose stress- 
strain-time behavior is given by Eq. (2), and a terminology given for the 
observable phenomena. In the case of alternating stress history, the 
treatment will be somewhat more general. 

In the first case the shear strain y(t) at a time ¢ after application of a 
constant shear stress S is given by: 


a) ==) Ga UO) Gack —e-"), (3) 


Thus, the deformation consists of two parts. One part corresponds to a 
high shear modulus; the time required for the attainment of this com- 
ponent of the deformation is not strictly zero, but is the time required 
for the passage of a stress-wave through the body when the retardation 
time is long compared to this time. Under these circumstances this com- 
ponent of the deformation is experimentally observable; it may be called 
the ordinary elastic deformation. The quantity G, may be called the 
ordinary shear modulus, and its reciprocal, which will be denoted by J2, 
the ordinary shear compliance. There is, in addition, a second component 
of deformation on the right hand side of Eq. (3), which increases with 
time to a limiting value S/G:. Increase in deformation with time under 
constant stress or constant load is generally denoted by the term creep. 
In the case of a body, the behavior of which is described by Eq. (2), the 
deformation eventually completely disappears following removal of load. 
The deformation given by the second term on the right-hand side of 
Eq. (3) may thus be thought of as a time-dependent high-elastic deforma- 
tion; it may be called the retarded elastic deformation. The time-depend- 
ency is experimentally evident when 7 is of the same order as the time- 
scale of the experiment. Thus, from Hq. (8) the (effective) retardation 
time of a body under given environmental conditions represents the time 
for the retarded elastic deformation in a constant-stress test to reach 
(1 — 1/e) of its final value S/G. 

In such constant-stress experiments it is a practice to record the ratio 
of shear strain to shear stress (or of shear stress to shear strain) (14,15), 
the value of shear strain being that corresponding to some convenient 
time t, say 10 sec. or 1 min., after application of stress. The value of shear 
compliance or shear modulus thus obtained may be called the quasi-static 
shear compliance J, or quasi-static shear modulus G, for the appropriate 
time-interval ¢. 
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When, at any time, the load is removed, the deformation correspond- 
ing to the ordinary elastic deformation immediately disappears: this will 
be called the ordinary elastic recovery. The remaining part of the deforma- 
tion disappears gradually with time; the deformation existing in the body 
at any given instant following removal of load is called the reszdual 
deformation at that instant. The gradual disappearance with time of the 
residual deformation may be called retarded elastic recovery.or simply 
creep recovery. The quantity G, may be called the high elasticity shear 
modulus; the reciprocal quantity J: may be called high elasticity shear 
compliance. The quantity m may be called the internal viscosity. 

Many materials manifest a retarded elastic deformation under con- 
stant stress (or load), followed by creep recovery upon removal of stress, 
the material eventually reattaining its original form. The retarded elastic 
behavior in materials such as textile filaments and wool is more compli- 
cated than the linear behavior of Eq. (2); nevertheless, such behavior 
should also be considered as viscoelastic behavior. 

In the second type of loading history, application of a given shear 
strain produces a shear stress which gradually decreases with time, 
eventually to a limiting value. For a body in which stress, strain, and time 
are related by Eq. (2) the shear stress S(¢) at time ¢ after application of 
a constant shear strain y is given by: 


Gey 


23 pee tg tet VS Se — p—t/r’ 4 
S(t) Gey Gy aa GC. (1 € ie ( ) 

where 7’ may be called the relaxation time and is now given by 
v= m/(Gi + G2). (5) 


The decay of stress under constant deformation is generally referred to 
as stress relaxation. In the present case, if the body is released at any time, 
it will eventually return to its original configuration. The stress relaxation 
is thus a manifestation of viscoelastic behavior, and not of flow or of a 
chemical reaction. This particular type of relaxation should accordingly 
be called viscoelastic relaxation. In these two types of loading history, 
changes in stress (or strain) take place after application or removal of a 
fixed strain (or stress); these changes are due to the existence of a time- 
dependent elasticity, and not due to flow. The phenomena manifested in 
these tests may be referred to collectively as elastic after-effect or elastic 
after-effect phenomena. 

In the third type of loading history, it will be assumed first that the 
shear stress S in a body varies sinusoidally with time. Now if the relation 
between shear stress and shear strain can be represented by a linear 
differential equation with constant coefficients, then, in general, the shear 
strain will also vary sinusoidally with time, and, moreover, the amplitude 
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of the shear strain will be proportional to the amplitude of the shear 
stress. A terminology will now be proposed for the general relations be- 
tween stress and strain under dynamic conditions, and also relating to 
the behavior of bodies in particular types of experiment. The general 
characteristics of viscoelastic behavior in these types of experiment will 
be stated, as well as the specific behavior of materials whose stress-strain- 
time behavior is given by Eq. (2). 
If the shear stress be represented by the real part of 


oes", 
then the strain may be represented in general by an equation of the form: 
y =8S.(A — jB)e*t = S,vVA?2 + Breiwts) (6) 


where A and B are usually functions of w as well as environmental condi- 
tions. In particular, for a material exhibiting linear viscoelastic behavior, 
the solution of Eq. (2) for sinusoidal loading gives: 


i 1 
REELED a 
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where +t = 71/G, as before; 7, the effective retardation time for the experi- 
ment, will be dependent upon the time-scale of the experiment as men- 
tioned previously. From Eq. (7) it is seen that when 1/w is very large 
compared to 7, then the material exhibits Hookean behavior with a small 
shear modulus approximately equal to G, (since Gi < G2); while, if 1/w 
is small compared to 7, the material exhibits Hookean behavior with a 
large shear modulus G2. When 1/w is of the same order as 7, the strain, 
which is given by the real part of Eq. (6), is seen to be sinusoidal with 
time, but to lag in phase behind the stress. 

For any material in which the shear strain is given by Eq. (6), the 
ratio of shear stress to shear strain may be called the complex dynamic 
shear modulus G* and is given by: 


Ge (an ib) a gs) (Aa lB) = GG (8) 
This is seen to consist of two components, a real component of the shear 


modulus G’ given by: 
G’ = A/(A? + B?) (9) 


which determines the component of the stress in phase with the strain, 
and an imaginary component 


jG” = jB/(A? + B’) (10) 
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which determines the component of the stress which is in quadrature 
with the strain. 

The amplitude of the deformation (ignoring phase) is obtained by 
dividing the stress amplitude by the absolute value of the dynamic shear 
modulus which may be denoted by |G], where 


|G] = 1/(A? + BY. aa 
Thus, S/ yvy=|Gle*. 
In a similar way the complex dynamic shear compliance J* is 
J * = 1/G* = A — Oo Bed mete (12) 
and the real and imaginary components are given respectively by: 
J’ =A; J” = jB. (13) 


The ratio J’’/J’ = G’’/G’ is the loss tangent, tan 6. The absolute value of 
the dynamic shear compliance |J| is given by 


\Jol = CAD eB (14) 


When tan 6 is different from zero, mechanical energy is converted 
into heat. This dissipation of mechanical energy under alternating stress 
due to a viscoelastic or other mechanism is known generally as internal 
friction. Under any such cyclic stress history, the stress-strain behavior 
of a viscoelastic body is a ‘‘loop”’ when the time-scale is of the same order 
as the retardation time 7 of the body; in particular, the “loop” has the 


shape of an ellipse for sinusoidal loading (in the steady state). By analogy | 


with magnetic hysteresis, this loop is called the hysteresis loop; the phe- 
nomenon of internal friction is alternatively known as hysteresis. The 
terms hysteresis loop and hysteresis may also be applied to the behavior 
of a material exhibiting viscoelastic behavior when the load increases 
monotonically with time and then decreases again. If the time-scale of the 
experiment is of the same order as the retardation time, then the stress- 
strain curve when the load is increasing is not the same as that obtained 
when the load is decreasing; the resulting stress-strain loop may also be 
called a hysteresis loop. In particular, for a material exhibiting viscoelastic 
behavior, the loop becomes closed if sufficient time is allowed for creep 
recovery, and if the initial and final states are both equilibrium states 
under the same load. Under these conditions the loop may be referred to 
as a viscoelastic hysteresis loop. 

At any given frequency, the energy dissipated per cycle under alter- 
nating stress is proportional to the square of the stress (or strain) ampli- 
tude. It is convenient to express the mechanical energy dissipated per 
cycle per unit volume either in terms of the energy dissipation at unit stress 
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amplitude, which may be denoted by W,, or the energy dissipation at unit 
strain amplitude, W,. Then 


W, =|J|asin 6, 


W, =|G|z sin 6. (15) 


Thus W, and W, have the dimensions of shear compliance and shear 
modulus, respectively. It is sometimes convenient to express the energy 
dissipated under alternating stress as the ratio of the energy dissipated 
per cycle to the maximum strain energy stored in the cycle (for the same 
volume of material). This non-dimensional ratio is known as the specific 
damping capacity, y. Alternatively, the quantity (1 — y) may be called 
the resilience. 
From Eq. (6) the rate of shear strain dy/dt is found to be: 


(dy/dt) = S.w(jA + Bhei*. (16) 

The ratio of shear stress to rate of shear strain is conventionally defined 

as the viscosity. In this case the ratio is complex; it may be called the 

complex dynamic viscosity n* and is given by: 

nt = cat inca ig 

w(A? + B?) 

Thus, the complex dynamic viscosity consists of a real component n’ and 
an imaginary component —jn’’ such that 


(17) 


4 at = 9 — jn". 

The rea! component 7’ corresponds to the dissipation of energy, and is 
thus analogous to resistance in an electrical network, while the imaginary 
component corresponds to the storage of energy, and is thus analogous 
to reactance. Thus, by analogy, n*, 7’ and n’’ may be called, respectively, 
specific mechanical impedance, specific mechanical resistance, and specific 
mechanical reactance. In a similar way, the specific mechanical admittance 
or complex dynamic fluidity p* is given by the ratio of rate of shear strain 
to shear stress. Then 


p* = p' + jo” = o(B + JA), (18) 


where p’ and jp” are, respectively, the real component and the imaginary 
component of the complex dynamic fluidity; while p’ and p’’ may be termed 
the specific mechanical conductance and specific mechanical susceptance 
respectively. 

The dynamic behavior of a body may be studied by making the body 
under investigation into the elastic member of a vibrating system, so 
arranged that the period of vibration is long compared to the time for 
the propagation of a stress-wave through the body. The experiment may 
be carried out either by displacing, and then releasing, the inertia member 
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of the system, or alternatively by impressing an alternating force on the 
inertia member. Let it be supposed that the body is in the form of a unit 
cube, so that unit displacement of the inertia member corresponds to 
unit shear strain in the body, and let the inertia member be of mass M. 
In the former case the shear stress in the body is given by: 


S = — M(duw/de). (19) 


If this value for S is substituted in Eq. (2), an equation is obtained for 
the free oscillation of a mechanical system, the elastic member of which 
is exhibiting linear viscoelastic behavior. In particular, if the retardation 
time is very small or very large compared with the period of oscillation, 
the system will oscillate with a damped harmonic motion; the period will 
approximately correspond, respectively, to a low shear modulus G, or a 
high shear modulus G». In both cases the ratio of the amplitudes of suc- 
cessive oscillations is independent of amplitude. The natural logarithm 
of this ratio for any given mechanical system is known as the logarithmic 
decrement A, and is a measure of the internal friction in the elastic member. 
In the second case, let it be supposed that a force Pe’! is acting on the 
inertia member of the system. The shear stress in the elastic member is 
then given by: 
S = Pei+t — M(d*y/di*). (20) 
If the relation between stress and strain in the elastic member can be 
represented by a complex shear modulus as before, then the shear stress 


S in Eq. (20) is equated to G*y, if the elastic member is in the form of a 
unit cube. The shear strain is then given by (6): 


Pei@t-¢) 
V@ — Mwy + @” 
The angle ¢ may be called the phase angle. It is the angle between the 


vectors representing the applied force and the displacement of the inertia 
member; it is given by 


7 (21) 


tan ¢ = G’'/(G! — Me?). (22) 


In particular, for a body exhibiting viscoelastic behavior, G’” tends to 
zero aS w approaches zero and also as w approaches infinity, while G’ 
approaches G, and G2, respectively. At resonance ¢ = 1/2, and, from 
the corresponding values of M, w, and |y|, the values of G’ and G@” can 
be obtained. Let w, be the resonant frequency at which the amplitude of 
7 is given by ||, and let w be the frequency at which the amplitude of y 
falls to | y|/V2. Then the ratio w/2 |w — w.| may be called the half power 
width and is denoted by the symbol Q. It is the reciprocal of the loss 
tangent of the material at the circular frequency w when the loss tangent 
is small. In the case when the general relation between stress and strain 
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is given by Kq. (2), the equation of motion of the inertia member becomes: 
M d@? d 
fe Gaon ie ere (23) 


if the period of oscillation is long compared to the retardation time m/G4 
and if Gi < G2. The solution of this equation is: 


fn Peit—¢) 
V(Gi — Mo)? + on?’ 


where tan ¢ = mw/(Gi — Mo”). 

Finally, there will be considered the case in which the inertia of the 
body is not negligible so that a wave motion is set up. Consider, for 
simplicity, a plane shear wave travelling in the x direction; let wu be the 
displacement in the y direction. If p is the density and G* is the complex 
shear modulus as before, the wave equation is: 


_G*(u/dx?) = p(d?u/de?). (25) 


a 


(24) 


A solution is: 
u = Aeliet-kz) +. BeGettkz) | (26) 


[he solution represents a wave-motion which is undamped when k is 
imaginary (that is, when G* is real), and which is damped when k and G* 
are complex. If the real part of k is positive, the first term in the right 
nand side of Eq. (26) represents a wave travelling in the +- direction, 
und the second term represents a wave travelling in the —z direction; 
shis may arise, for example, by reflection of the incident wave at a dis- 
continuity. Assuming B = 0 and that k is complex, the solution then 
represents a damped travelling wave. It is customary to call k the propaga- 
ion constant; the real component of the propagation constant will be denoted 
xy a, and the zmaginary component of the propagation constant by 78. Then 
eS Oe LL 
k= (a +38)! = Pen ay (27) 


Thus G’ and @” can be obtained from the real and imaginary components 
xf k. It is convenient to express k in terms of directly observable quan- 
ities. Eq. (26) may be written: 


u = Aeiwt-Bre—ax — A eilwt—2r2/d)g—2/z0, (28) 
Hence the wavelength X is given by 
A = 27/8 (29) 
vhile the critical damping distance x, is given by (17) 
Dsi= chan (30) 
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The critical damping distance is the distance for the amplitude to fall to 
-1/e of its value. A value of the dimensions of shear modulus can be calcu- 
lated from the observed wavelength \ for a given circular frequency »w, 
on the assumption that the shear modulus is real (18). This value may be 
called the wave shear modulus; it has been denoted by the symbol G. The 
wave shear modulus is then given by: 


G = pw?/B? = pwd? /4r’. (31) 


Il. Inevastic BEHAVIOR OF TYPICAL SYSTEMS 
A. Non-Yield Point Behavior 


In the systems discussed previously, release of load at any instant 
would result in a disappearance of the deformation, which would be 
immediate in the case of ideal elastic behavior and which would take time 
in the case of viscoelastic behavior. If release of load at any instant does 
not result in the immediate or eventual disappearance of strain, the © 
material may be said to manifest inelastic behavior. 

A material may exhibit substantially ideal elastic behavior or visco- 
elastic behavior in shear provided the shear stress does not exceed a 
certain value (which may depend upon the time-scale of the experiment 
as well as on the environmental conditions). However, if this stress is 
exceeded, the behavior may become markedly inelastic; this behavior 
may be called yield-point behavior. The stress at about which yield-point 
behavior becomes manifest is called the yield stress. There will be con- 
sidered, first, systems which do not exhibit yield-point behavior; this. 
type of inelastic behavior will be called non-yield point behavior. Systems 
which exhibit non-yield point behavior are, in general, amorphous non- 
crosslinked polymers above the quasi-second order transition tempera- 
ture, as well as polymer solutions. 

The relation between shear stress S and shear strain for a material 
exhibiting both non-yield point inelastic behavior and viscoelastic be- 


havior may be represented to a first approximation by an equation of the 
type (6): 


0 0? Gy 1 G, + G, 0 1 0? 
(aig t map) 7 = [S4 (B+ SESS es Is. (32) 
Eq. (32) is seen to be related to Eq. (2); the latter can be obtained 
from Eq. (82) by making 7 infinite and integrating with respect to time. 
This equation represents the behavior of a familiar mechanical model 
consisting of the model mentioned previously in series with a dashpot, 
or the behavior of equivalent models (1,12,13). The mechanical behavior 
of a body obeying the above relationship between stress, strain, and time 
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will be examined as before, under conditions of constant stress, constant 
strain, and periodic stress. 


Under a constant shear stress S applied at zero time the shear strain 
at time ¢ is given by: 


8 /G2 SG ery Syst; (33) 


where the retardation time 7 is given by 7/G. If, at time ti, the shear 
stress is removed, the residual deformation is given by 


v(t) = S/G (er — er) + (8/m)b. (34) 


Thus, the first term on the right in Eq. (33) represents the ordinary elastic 
deformation, and the second term represents the retarded elastic deforma- 
tion. Upon removal of load, the deformation corresponding to the first 
term disappears immediately, while that corresponding to the second 
term disappears in the course of time. The deformation corresponding to 
the third term does not disappear, and represents, thus, an inelastic 
deformation. In particular, this inelastic deformation is proportional to 
the time ¢; for which the stress had been applied; this type of inelastic 
deformation is denoted by the term flow. The rate of flow in Eq. (33) is 
thus given by (S/n2). Where the rate of flow is proportional, as in this 
case, to the shear stress, the flow is denoted by the term Newtonian flow 
or viscous flow. If, for any given experiment, the first two terms are small 
compared to the third in Eq. (33), the body may be said to exhibit 
Newtonian behavior. The quantity nz may be called the principal viscosity 
(in contradistinction to the internal viscosity 71), the melt viscosity, or 
simply the viscosity; 1/n2 is the ratio of the flow component of the defor- 
mation rate dy/dt to the shear stress. Under large shear stresses the third 
term may become no longer proportional to shear stress; under these 
conditions the flow is said to be non-Newtonian. It may be that the first 
two terms are unimportant under these conditions. No generally estab- 
lished relationship can be given at the present time for the dependence of 
flow on shear stress when the flow is non-Newtonian. 

It is seen that, in general, for a material manifesting linear non-yield 
point inelastic behavior, together with linear viscoelastic behavior in shear, 
the material exhibits Hookean elastic behavior with a shear modulus G» for 
experiments of very short time scales, while the material exhibits New- 
tonian behavior with a viscosity n2 for experiments of very long time 
scales. According to one point of view, the behavior represented by an 
equation such as Eq. (32) should be termed viscoelastic behavior; the 
behavior previously considered in connection with Eq. (2), therefore, 
becomes a special case where flow is absent. 

In the second type of history considered previously a constant shear 
strain y is applied at zero time. For a body whose behavior is given by 
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fq. (32), the stress decays with time according to an equation of the form: 
S(t) = y[Ae-#’ + Be-"/7'], (35) 


where A and B are constants and 7.’ and 7,’ are relaxation times. If one 
of these times is large compared to the time-scale of the experiment, 
Eq. (35) reduces to Eq. (4), that is, the relaxation is viscoelastic; this 
is the case when 7» is large. If one of these times is small compared to the 
time-scale of the experiment, this corresponds to 7 being small, and the 
relaxation of stress is then given by: 


GiGey 


Paar ian Fe 


eee (36) 
where the relaxation time 7’ is equal to n2/(Gi + G2). Hf, at any time h, 
the load be released, there will be an immediate elastic recovery equal to 
vye-4/7’, There will be no retarded elastic recovery and the body will not 
reassume its original undeformed configuration. Such a relaxation be- 
havior is known as Mazwellian relaxation. It is seen from Eq. (33) that 
when 7, and hence 7, is small, a body manifests rubberlike elastic behavior 
combined with Newtonian flow under a constant shear stress S, if this is 
small. For the same environmental conditions, and for the same time- 
scale, the body should show Maxwellian relaxation under constant 
shear strain. 

In the third type of loading history, a periodic shear stress Se‘ is 
applied to the body. When w is very large, the material shows ordinary 
elastic behavior, with a shear modulus G2, the shear strain being in phase 
with the shear stress. When w is very small, the material shows Newtonian 
behavior, the rate of shear strain being in phase with the shear stress and 
the ratio of the latter to the former corresponding to a viscosity no. 


B. Yield Point Behavior 


The following discussion will be concerned chiefly with the behavior 
of certain polymeric systems in which (a) the length (or tensile stress) 
increases uniformly with time or (b) in which the tensile stress is constant, 
In the case of certain crystalline polymers, such as cellulose derivatives. 
polyethylene and polyamides, the materials behave up to a certain stress 
in the first type of test approximately as Hookean bodies with Young’s 
moduli of the order of 10° dynes/cm?. to 10" dynes/cm?2., that is, they 
appear as leathery to rigid plastics. If the stress exceeds a certain value 
(the yield stress), which depends not only upon the environmental condi- 
tions but also upon the time-scale of the experiment, an inelastic deform a- 
tion appears. If the inelastic deformation resulting from the application 
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vf a stress S acting for a time t, is proportional to (S — S.)ti, where S, is 
he actual or apparent yield stress, the material is said to exhibit plastic 
low or Bingham behavior. 

In general, the inelastic deformation in polymeric systems does not 
ollow Bingham behavior, but occurs in one of two patterns. In the first 
vase, the body in a test at a constant longitudinal strain rate or tensile 
stress rate manifests a uniform elongation along its length (if it is origi- 
aally of uniform cross-section); the increase in deformation after the 
yield-point is exceeded is due mainly to an increase in inelastic deforma- 
ion. If, on the other hand, the body is subjected to a constant stress for 
1 time ¢, and released, then, after retarded recovery has ceased, an in- 
lastic deformation will remain, if the conditions of test are sufficiently 
severe. Tests on fresh specimens reveal that the inelastic deformation is, 
10wever, not proportional to t, but generally tends to a limit as 4 
approaches infinity. In this respect, the behavior differs from that of a 
material manifesting non-yield point behavior. Such behavior may be 
salled mechanical conditioning or work hardening. If a body has undergone 
such a work hardening, it may be found that the elastic (or viscoelastic) 
sehavior is altered, depending upon the amount of inelastic deformation. 
Here again, the behavior differs from that of a material manifesting 
10n-yield point behavior. 

If, under certain conditions, a body which has manifested this type 
wf-inelastic deformation be subjected to suitable swelling or thermal 
reatment when free from load, part or all of the inelastic deformation 
will be found to have disappeared when the body is restored to its original 
nvironmental conditions. Such recovery of inelastic deformation may be 
salled swelling recovery or thermorecovery, according to the conditions used 
0 effect the recovery. The second pattern of inelastic deformation in 
s0lymers is associated with “necking down” when the length of the body 
yr the tensile stress is increased at a uniform rate. The inelastic deforma- 
ion after the yield-point is exceeded is restricted to a finite portion of the 
specimen; increase in overall inelastic deformation corresponds to increase 
n length of the portion of reduced cross-section, at the expense of the 
naterial in the unreduced portion, until the specimen is of uniform, 
‘educed cross-section. The material is then no longer capable of further 
nelastic deformation. 

Finally, it may be observed that materials such as polystyrene may 
xxhibit yield-point behavior in compression, while in tension they behave 
is brittle glasses. It is to be concluded that yield phenomena depend not 
mly on the deviator part of the stress tensor, but also on the hydrostatic 


tress. 


208 HERBERT LEADERMAN 


| 
| 


| 


ProposeD NOMENCLATURE FOR ELASTIC AND INELASTIC 
BEHAVIOR OF HIGH POLYMERS 
(Equivalent terms are bracketed) 
Term Symbol 


Ideal elastic behavior 
Hookean behavior 
Hookean elastic behavior 


Bulk modulus K 
Compressibility 

Shear modulus G 
Shear compliance J 


Ordinary elastic behavior 
Ordinary elasticity 
Rubberlike elastic behavior 
Rubberlike elasticity 

Partial rubberlike elasticity 
Young’s modulus E 
Poisson’s ratio 

Viscoelastic behavior 

Linear viscoelastic behavior 
Retardation time 

Effective retardation time 
Ordinary elastic deformation 


Ordinary shear modulus Ge 
Ordinary shear compliance oy 
Creep 

Retarded elastic deformation 

Quasi-static shear compliance sé 
Quasi-static shear modulus G; 


Ordinary elastic recovery 
Residual deformation 
Retarded elastic recovery 
Creep recovery 


High elasticity shear modulus Gy 
High elasticity shear compliance Ji 
Internal viscosity n1 
Relaxation time 7’ 


Stress relaxation 

Viscoelastic relaxation 

Elastic after-effect 

Elastic after-effect phenomena 

Complex dynamic shear modulus 'G* = G’ + 5G" 
Real component of the CDSM G’ 


NOMENCLATURE 


Term 
Imaginary component of the CDSM 
Absolute value of the dynamic shear modulus 
Complex dynamic shear compliance 
Real component of the CDSC 
Imaginary component of the CDSC 
Loss tangent 
Absolute value of the dynamic shear compliance 
Internal friction 
Hysteresis loop 
Hysteresis 
Viscoelastic hysteresis loop 
Energy dissipation at unit stress amplitude 
Energy dissipation at unit strain amplitude 
Specific damping capacity 
Resilience 
Complex dynamic viscosity 
a mechanical impedance 
Real component of the CDV 
Tease mechanical resistance 
Imaginary component of the CDV 
Specific mechanical reactance 
Complex dynamic fluidity 
oe. mechanical admittance 
[Real component of the CDF 
as mechanical conductance 
Imaginary component of the CDF 
Specific mechanical susceptance 
Logarithmic decrement 
Phase angle 
Half-power width 
Propagation constant 
Real component of the propagation constant 


Imaginary component of the propagation constant 


Critical damping distance 
Wave'shear modulus 
Inelastic behavior 
Yield-point behavior 
Yield stress 

Non-yield point behavior 
Inelastic deformation 


Flow 
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Term Symbol 


Newtonian flow 

| Viscous flow 
Newtonian behavior 
Principal viscosity 
Melt viscosity n2 
Viscosity 
Non-Newtonian flow 
Maxwellian relaxation 
Plastic flow 

feet behavior 
Mechanical conditioning 

aoe hardening 
Swelling recovery 
Thermorecovery 
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INTRODUCTION 


In a previous publication (1), the creep behavior of plasticized Vinylite 
'YNW was described. At that time, an attempt was made to relate this 
ehavior to the structure of plasticized polymer compositions. Among the 
onclusions which were arrived at was that a 3-dimensional gel network of 
reat permanence must be present. This was necessary to explain the 
ombination of the small, long-time creep, associated with the large 
hort-time compliance and the essentially complete recovery of films 
rhich had been subjected to stresses for weeks. 

The nature of the gel structure has now been studied more thoroughly 
ith the aid of numerous experimental techniques. The results of this 
ork not only confirm the existence of a 3-dimensional network system in 
lasticized polyvinyl chloride and VY NW compositions, but also lead to a 
1irly definite picture of its details. It has been established, on the basis of 
reep, stress relaxation, dilatometry, birefringence, and X-ray measure- 
1ents, that these materials are partially crystalline in nature. The rela- 
ive amounts of crystalline and amorphous polymer in any one compo- 
ition has not been established, but there is no doubt that the crystalline 
gions comprise but a small fraction of the total composition. 


EXPERIMENTAL EVIDENCE FOR MICROCRYSTALLINE STRUCTURE 
X-Ray Diffraction Studies 


X-ray diffraction studies of plasticized polyvinyl chloride and Vinylite 
YNW are described in another paper (2). These studies definitely indi- 
ate these plasticized resins are partially crystalline in nature. Orientation 
f the films was observed to result in fibre-like diagrams. 


Dilatometric Measurements 
VYNW films were prepared, containing 15%, 25%, 35%, and 45% 
‘jioctyl phosphate (TOP) and tricresyl phosphate (TCP), respectively, 


1 Presented at the Annual Meeting of the Society of Rheology, New York, N. Y., 


vember 5 and 6, 1948. 
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as plasticizer. (The method used in the preparation of these and all other 
films used throughout this work was that described previously by Aiken 
et al. 

een quantities of these films were rolled up and charged into 
calibrated dilatometers. The dilatometers were then filled under vacuum 
with a 20% solution by weight of KCI. A blank containing only the cover- 
ing solution was also prepared. In all cases the charge of the individual 
components was known accurately. The dilatometers were then immersed 
in a water bath with regulated temperature. 

The bath was cooled to 0.0°C. and the levels of the menisci were re- 
corded. The bath was then heated over an 8 hr. period to a final tempera- 
ture of 90°C. and the changes in level of the menisci were recorded as a 
function of the temperature. Care was taken to maintain any one tempera- 
ture for 5-10 min. before taking a reading, so as to be sure that thermal 
equilibrium was attained. 

The expansion of each plasticized sample was then calculated, with 
corrections for the expansion of the covering liquid and the dilatometer 
itself. The results were not remarkable. The volume-temperature curves 
for the samples containing 15% TOP and 15% and 25% TCP showed 
(small and questionable) changes in slope, at approximately 30°C., 55°C. 
and 17°C., respectively. The remaining samples gave straight lines when 
expansion was plotted against the temperature. 

The second group of dilatometer measurements were concerned with 
time dependence of the density. Four samples of VYNW, plasticized with 
15% and 45% of TOP and TCP, respectively, were charged into cali- 
brated dilatometers and covered with the 20% KCl solution. The dilatom- 
eters were heated to 90°C. and held for 30 min. in order to melt out any 
non-equilibrium structures. They were then plunged into an ice bath and. 
held at 0.0°C. for 20 min. 

The samples were then placed in a bath thermostatically controlled at 
24.7°C. After the initial expansion of the dilatometer contents due to the 
attainment of thermal equilibrium, a slow contraction with time was 
noted. This procedure was repeated at two other final temperatures, 
namely 53.2°C. and 73.0°C. 

In all cases, after the initial expansion due to the attainment of thermal 
equilibrium, a contraction with time was observed. Thus, even at 73.0°C., 
samples containing as much as 45% plasticizer exhibit a volume-time 
relation (see Figs. 1. and 2). 

Krevsky (3), who carried out similar work with the systems VYNW- 
dibutyl phthalate and VYNW-PD16, obtained similar results. 

The interpretation of this type of data has generally been associated 
with second order transition phenomena (4). However, in this instance, in 
view of the fact that the second order transition points of the samples 
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containing 45% plasticizer are appreciably less than 0.0°C., another 
explanation is necessary. 

The contractions in volume that were observed may be readily under- 
stood in terms of a microcrystalline structure for polyvinyl chloride. If 
plasticized VYNW, at room temperature, is a partially crystalline mater- 
ial, then, as the temperature is increased, the percentage of the segments in 
crystal micelles must decrease. 


15% T.C.P. 


15% T.O.P. 


0.6 


CONTR., cc./gm. x 10° 


10) 8 16 


Hel 
4es% 


0.6 


CONTR., cc./gm. x 10° 


(o) 8 16 
TIME, hours TIME, hours 


Figs. 1 and 2. Rate of attainment of equilibrium of various plasticized VY NW films. 


Consequently at 90.0°C., although the material may not necessarily be 
amorphous, it is certainly not as highly crystalline as at a lower tempera- 
ture. Thus, when a sample at 90.0°C. is quenched to 0.0°C. and then 
heated to an intermediate temperature, it will crystallize at that tempera- 
ture. However, crystallization of polymeric materials is, in general, a 
slow process. The contractions which were observed with time can then be 
interpreted as being the result of an increase in density due to the pro- 
gressive crystallization of the films. 
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STRESS, dynes/cm2 x 10° 


TIME, min. 


Fig. 3. Stress relaxation of Geon 101 + 30% TCP at various temperatures. 


Stress Relaxation and Birefringence Measurments 


The birefringence of linear polymeric materials, when they are sub- 
jected to a stress, is a phenomenon which is readily understood in its 
qualitative aspects (5). 

An unoriented polymer, when elongated, will exhibit birefringence due to 
the asymmetry within the bulk sample of the individual elongated chains. 


i) 
> 
(e) 


2 x10% 
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® 
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TIME, min. 


Fic. 4. Stress relaxation of Geon 101 + 35% ditetrahydrofurfuryl sebacate 
at various temperatures. 
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If the sample is held at constant length, then a number of different observ- 
able phenomena may occur, depending upon the internal changes taking 
place under the particular set of experimental conditions. 


a. The sample may exhibit flow of one chain with respect to another. 
This will normally manifest itself in a decrease in the tension or the stress 
required to hold the sample at constant elongation. Also, the flow will 
result in a more random configuration of the individual chains. This will 
cause a decrease in the observable birefringence. Thus, a material which 
exhibits flow will, when held at constant elongation, exhibit a decrease 
both in tension and in birefringence. Furthermore, it has been established 
that, for such instances, the stress divided by the birefringence should be a 
constant. 

b. A decay of stress may result from the relaxing of chains by retarded 
elastic processes. Relaxation by this mechanism is also a consequence of 
the chains assuming a more highly random configuration. Consequently, 
the observed birefringence will decrease with the tension. In this instance, 
as when relaxation is the result of true flow, the stress divided by the 
birefringence should be constant. 

c. A third possible mode of behavior is for the elongated sample to 
crystallize. Crystallization of a polymeric material under conditions of 
constant elongation invariably results in a decay of the stress necessary to 
maintain the elongation. However, this decay of the stress is occasioned 
by a further orientation of the polymer chains through the formation of 
crystallites. The birefringence, therefore, will not decay along with the 
stress, as is true with materials that flow. 


The procedure followed in the stress relaxation and birefringence meas- 
urements was to stretch a sample of plasticized polyvinyl chloride to a 
desired elongation, heat to the desired temperature, and measure the 
stress and birefringence as a function of time in a relaxometer equipped 
with a continuous recording mechanism for the stress, a source of plane 
polarized light, and an analyzer for measuring the birefringence. 

The results obtained with various samples of plasticized Geon 101 
polyvinyl] chloride films are presented in Figs. 3 to 6. 

Of greater interest and meaning are plots of the stress divided by the 
birefringence which are shown in Figs. 7 to 9. Here it is seen that, as the 
temperature is increased, not only does the height of the curve fall, but like- 
wise the curve flattens. A curve with negative slope is indicative of a greater 
rate of decay of stress at any particular instant of time than rate of decay of 
birefringence. If the two rates are the same, a horizontal line must result. 
Such is the case when the stress decay is the result of viscous flow or con- 
figurational retarded elasticity within the bulk sample. In these instances, 
at the lower temperatures where the stress/birefringence ratio exhibits 
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TIME, min. 


Fie. 5. Birefringence relaxation of Geon 101 + 30% TCP at various temperatures. 
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Fic. 6. Birefringence relaxation of Geon 101 +[385% tetrahydrofurfury] 
sebacate at various temperatures. 
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Fic. 7. Ratio of stress to birefringence during relaxation. Geon 101 + 30% TCP 
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Fic. 8. Ratio of stress to birefringence during relaxation. Geon 101 + 35% 
ditetrahydrofurfuryl sebacate. 


wide deviations from constancy, we must conclude that the structure is 
not that of a simple linear amorphous polymer. 

A second group of experiments concerned with the dependence of stress 
and birefringence upon temperature were carried out. A Geon 101 film, 
containing 15% TCP as plasticizer, was elongated 100 % and heated to 
100.0°C. It was then held at this temperature until the tension was rela- 
tively constant. The sample was then slowly cooled and the stress and 


STRESS/BIREFRINGENGE x 107° 


Fic. 9. Ratio of stress to birefringence during relaxation. Geon 101 + 45% 
ditetrahydrofurfuryl sebacate. 
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birefringence recorded. The results obtained are illustrated in curves A 
and A’ of Figs. 10 and 11. 

On reheating the sample to 100.0°C., it was determined that these — 
curves are essentially reversible, and repeated heating and cooling cycles — 
invariably give the same curve, provided a maximum temperature of — 
100.0°C. is not exceeded. 


STRESS x 10° 
re) 


25 


TEMPERATURE, “°C. 


Fic. 10. Stress-temperature relationships. Geon 101 + 15% TCP. 


Furthermore, if, during the heating or cooling cycles, the sample is held 
at a constant temperature for a period of time, there is no change in either 
the birefringence or stress. If the sample is heated above 100.0°C., for 
example, to 120.0°C., then curves B and B’ are obtained. 

The stress increases during the up-heat until a temperature of 100.0°C. 
is obtained and then decreases. Similarly, the birefringence remains 
essentially constant until the temperature at which the cooling cycle was 
initiated is attained. Then it, too, decreases. If, at 120.0°C. the sample is 
again cooled, curves C and C’ are obtained. These, likewise, are essentially 
reversible, provided that the temperature at which the cooling cycle was 
initiated is not surpassed. If it is, then curves D and D’ result. The proc- 
esses can then be repeated at higher temperatures as is illustrated in the 
figures. 

The interpretation of these results has been the following: When the 
sample at 100.0°C. and 100% elongation is cooled, crystalliztaion occurs 
along the axis of the applied stress. This is observed as a decrease in stress 
(6) without a corresponding decrease in birefringence. 
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On heating, the oriented crystallites that were grown during the cooling 
cycle melt out, and, provided the temperature at which the cycle was 
initiated is not exceeded, the formation and disappearance of these 
crystallites is a function only of the temperature. 

Furthermore, the presence of the crystallites prevents true flow, con- 
sequently permitting the sample to be held at any intermediate tempera- 
ture for a period of time without any change in either stress or birefrin- 
gence. This portion of the curve is, therefore, reversible. 

If the initial temperature is exceeded, a different internal process takes 
place. Crystal micelles are melted out, but their removal in this instance 
does not cause an increase in the stress, as was observed in Curve A, 
but a decrease. This is occasioned by the fact that the crystallites which 
are melting are not necessarily oriented and in equilibrium with the 


BIREFRINGENCE x 10* 


10) 80 100 A 120 140 
TEMPERATURE, C. 


Fig. 11. Stress-birefringence-temperature relationships. Geon 101 — 15% TCP. 


stretched structure, but include those which had their genesis during the 
preparation of the film. Consequently, their removal is equivalent to the 
removal of points of cross-linking, thereby permitting a decrease in the 
stress necessary to maintain a given elongation. The corresponding de- 
crease in the birefringence is due to the fact that the absence of certain 
points of cross-linking permits the further relaxing of individual chains, 
and consequently the assumption of more random orientations consistent 
with the elongation and the quantity of crystalline material still remaining. 
Essentially, there is an increase in the configurational randomness of the 
sample which is manifested by a decrease in the birefringence. 

If, at the higher temperature, a new cooling cycle is started, then the 
crystallization that occurs is not the reverse of the melting that had taken 
place in the attainment of this temperature, but leads to the formation 
of oriented crystallites, thus decreasing the stress. 

The processes which then take place during repeated heating and 
cooling cycles are basically the same as those occurring during the rever- 
sible heating and cooling cycles described previously. The differences 
found in the height of the curves initiated at 120.0°C., as compared to 
those initiated at 100.0°C., is due to differences existing in the details of 
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the internal structure. At the higher temperature (120.0°C.), when the 
cooling cycle is initiated, the sample is less crystalline than at the lower 
temperature. Furthermore, while cooling from the higher temperature, 
when the lower (100.0°C.) is reached, although the total quantity of 
crystalline material may be the same, the details of the crystalline struc- 
ture are necessarily different. When 100.0°C. is attained, as a result of 
cooling from 120.0°C., there is present a certain amount of oriented crys- 
tallites which were definitely absent when the sample was heated directly 
to 100.0°C. 

The details of the argument used here for the cycles initiated at 100.0°C. 
and 120.0°C. may be extended in an identical fashion to the cycles initi- 
ated at 130.0°C. and 140.0°C. 


SPECULATIONS REGARDING DETAILED MECHANISM 
oF PLASTICIZER ACTION 


In a previous publication (1), tensile creep results of vinylite composi- 
tions were interpreted on the assumption that the effect of increasing 
temperature or plasticizer concentration was to rigidly shift the creep 
curve laterally along the log time axis. Only minor changes in shape and 
height of the curve were believed to accompany this lateral shift. This 
particular assumption hardly appears to be tenable in view of the present, 
more extensive knowledge. It seems nearly certain that the effect of 
increasing plasticizer concentration or temperature must result in a 
vertical, as well as a horizontal, displacement of the curve, due to a de- 
crease in the concentration of crystallites. Thus, not only is the retarded 
elastic response accelerated, but, in addition, a more compliant structure is 
obtained under such circumstances. 

Aside from this, any further interpretation of the various tensile creep 
properties in terms of the work thus far described cannot be considered 
be more than reasonable assumption. However, with the utilization of the 
present knowledge of polymeric materials, it is possible to conjecture 
concerning the mechanism of creep of plasticized vinylite compositions. 
The proposed theory is based on the following postulates. 


1. Polyvinyl chloride and its copolymers with vinyl acteate are charac- 
terized by a microcrystalline structure. The crosslinks, which previously 
had been deemed necessary for explaining many of their properites, may 
now be considered to be the crystallites. 

2. The polycrystalline structure follows the general pattern of crystal- 
line polymers. 

3. Different plasticizers affect the microcrystalline structure, the be- 


havior of the plasticized resin being dependent largely upon the resulting 
microcrystalline structure. 
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4. Partial melting of the microcrystalline structure may be accom- 
plished by various external factors such as temperature, stress, etc., but 
upon removal of such a factor recrystallization can be accomplished. 


These postulates and their justification may be discussed individually. 


Microcrystalline Structure 


Although polyvinyl chloride has been shown to exist in a microcrystal- 
line structure, the methods employed do not reveal the size of the crystal- 
lites nor the total amount of crystalline material. 


The Polycrystalline Structure Follows the General 
Pattern of Crystalline Polymers 


In the discussion presented thus far, it has been tacitly assumed that the 
behavior of polyvinyl chloride is analogous to that of other crystalline 
polymers. As a matter of fact, a comparison of its behavior with that of 
known crystalline materials in certain tensile creep and stress relaxation 
experiments, has been used as a basis of establishing the fact that it is 
crystalline. However, for the purpose of continuity, it might be well to 
discuss the details of the microcrystalline structure. 

Firstly, there is no reason to doubt that the chains are bound parallel 
bundles or micelles, and that each chain passes through one or more such 
crystalline regions. The portions of the chains which are not in these 
micelles then constitute the amorphous regions. 

Concerning the characteristics of the crystallization of rubber and other 
polymeric materials, it has been found that the formation of crystallites 
is a comparatively slow process, the rate being dependent upon tempera- 
ture. The overall rate of crystallization is the result of two processes, seed 
formation and crystal growth (7). 

A plot of the time necessary for half the total crystallization to take 
place, vs. the temperature, normally exhibits a minimum in a definite 
temperature range. This minimum corresponds to a maximum rate of 
crystallization. Thus, for natural rubber, the maximum rate is obtained 
at about — 25.0°C., whereas above 10.0°C. and below — 50.0°C. the rate 
of crystallization is, sensibly, zero. The absence of crystallization at 
temperatures below —50°C. is a clear-cut case of supercooling of an 
amorphous material to a temperature below which the mobility is in- 
sufficient for the formation of crystals (7). 

Another characteristic of crystalline polymers is that they melt over a 
range of temperatures, which is generally quite broad. Furthermore, 
this melting range varies in position as well as in magnitude, depend- 
ing upon the temperature at which the crystallization was effected @ » 

Although these phenomena have not been studied in detail in plasticized 
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vinylite compositions, the indications are that such materials do behave 
in an analogous manner. 

The fact that crystallization is comparatively a slow process is borne out 
by various “‘time dependency” studies which have been made. Firstly, 
the changes in volume with time observed in the dilatometric measure- 
ments, are probably due to the crystallization of the composition. 

Furthermore, the work described by Aiken et al. (1), in which films of 
plasticized VYNW were heated to about 130.0°C., cooled to room temper- 
ature, and then tested in tensile creep measurements, may now be readily 
interpreted. These workers found that the height of the creep curve, run at 
varying intervals of time after the heat treatment, fell as a function of the 
time. After a number of hours a constant minimum curve was attained. 
What probably took place in this experiment is that, on heating to 
130.0°C., the crystalline character of the film was extensively disrupted. 
On cooling, recrystallization occurred, but was time-dependent. Since the 
formation of crystallites results in a tightening of the network structure, 
and, since a tighter network structure will give rise to a lower creep curve 
(a less compliant material), recrystallization with time will make itself 
felt by a falling in the height of the creep curve until the crystallization is 
complete. 

With regard to the wide melting range normally associated with 
crystalline polymers, although no direct measurements have been made on 
plasticized vinylite composition, interpretation of other experimental data 
must lead to the conclusion that, for these materials, a very wide range 
exists. 

Experimentally, it is found that the maximum height of the creep curve 
for such compositions increases with temperature. From the kinetic theory 
of rubber elasticity, the height corresponds to the reciprocal of Young’s 
modulus, which, in the case of a cross-linked material is given by (8) 


1/G = 1/AT»(2 — M/M.), 
where G is Young’s modulus; 


T is the absolute temperature; 
M is the molecular weight of the chain before cross-linking; 


M, is the average molecular weight of segments between cross-links; 
A is a constant; 


and v is the number of cross-links per unit volume. 


If » were to remain constant in the temperature ranges investigated, then 
1/G (the height of the creep curve) would be inversely proportional to the 
absolute temperature. 

In the proposed structure, » corresponds to the number of crystallites 
per unit volume. In the range of temperatures where the quantity of 


PLASTICIZED POLYVINYL CHLORIDE 223 


crystalline material decreases with increasing temperature, » decreases, 
and the height of the creep curve should increase. 

This range, apparently, is very wide, and even at 90.0°C. samples 
containing up to 50% plasticizer are not completely amorphous. This is 
evidenced by the fact that, at this high temperature, they do not exhibit 
irrecoverable flow when subjected to small stresses. 

Thus, it is seen that the effect of increasing temperature, throughout 
the workable range, is to effectively decrease the concentration of crystal- 
lites. The effect of increasing plasticizer content is probably the same. 

According to Zhurkov (9), and Aiken e¢ al. (1), when plasticizer is added 
to polyvinyl chloride, it serves to solvate or shield points of contact along 
the chain. The points of contact which they considered may now be 
thought of as leading to the formation of crystals. Solvation of such points 
will, therefore, rupture crystallites. The process which takes place may be 
roughly described by the relation, 


crystal + plasticizer = solvated amorphous polymer. 


From the law of mass action, an increase in the plasticizer content must 
result in a decrease in the quantity of crystalline material. 

The effect of acetate in chloride-acetate copolymers is probably, also, 
to decrease the quantity of crystalline. material. This is evidenced in the 
creep curves, where films of resins containing different quantities of ace- 
tate, but the same quantity of plasticizer, give different curves. The height 
of the curve is an increasing function of the acetate content, indicating a 
looser network structure of the polymeric material. A looser network 
structure must correspond to less crystalline material. In addition, it has 
been found that the repeat unit distances in VYNW, a chloride-acetate 
copolymer, are the same as in Geon 101. Thus, the unit crystal probably 
consists of only vinyl chloride segments. If this is the case, the random 
inclusion of acetate segments along the chain niust interfere with the 
formation of crystal micelles. Of course, the greater the quantity of acetate 
the greater will be this interference, with a consequent decrease in the crys- 
talline character of the polymer. 


Effect of Plasticizer upon Microcrystalline Structure 


A plasticizer is essentially a non-volatile solvent for the particular poly- 
mer with which it is being used. Upon the addition of such a material to 
polyvinyl chloride-acetate polymers, a microcrystalline structure results. 
Furthermore, the geometry within the crystallites of the polymer-plasti- 
cizer system is independent of the plasticizer and of any vinyl acetate seg- 
ments which may be present. From these data, the internal structure must 
consist of two separate disperse regions, namely, the crystalline regions 
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in which there are present only polyvinyl chloride segments and regions 
containing amorphous polyvinyl chloride-acetate and plasticizer. 

As a crude analogy, this system may be considered to be similar to one 
consisting of a saturated solution in the presence of undissolved solute. 

On the basis of this molecular interpretation of the structure of plasti- 
cized vinylite films, it is now possible to conjecture concerning the effect 
of different plasticizers on this structure. This may be done by drawing 
analogies with systems containing small molecules. This, admittedly, is 
poor if quantitative results are desired, but for a qualitative discussion it 
is reasonable. 

If solutions of the same volume having the same concentration of a low 
molecular weight solute are evaporated to a volume such that crystals of 
the solute are deposited from each, then it is possible to make the following 


statements: 


1. In general, the crystals obtained from the poorer solvent will be 
smaller than those obtained from the better solvent (10). 

2. The total quantity of crystals obtained from the poorer solvent will 
generally be greater than that obtained from the better. 


By analogy, the essential difference in the mode of behavior of various 
plasticizers lies in their solvent power for polyvinyl chloride, or, conversely 
their effect on the details of the microcrystalline structure which is ob- 
tained in the presence of the plasticizer. When a poor solvent is used as a 
plasticizer, there will be a larger total quantity of crystalline material than 
when a better solvent is used. The dimensions of the crystallites will also 
be affected. One is then tempted to conclude that the differences in the 
plasticizing action of different materials is principally due to differences in 
the details of the microcrystalline structure, which they very probably 
produce. 


CONTINUED CREEP OF POLYVINYL CHLORIDE COMPOSITIONS 


When plasticized polyvinyl chloride films are subjected to a stress at 
constant temperature, the distortion that takes place is completely re- 
coverable upon removal of the stress. There is no viscous flow, which is 
readily explained by the 3-dimensional network of the polymer. 

However, the creep of polyvinyl chloride differs, in at least one respect, 
from that of a chemically cross-linked polymer such as a lightly vulcanized 
rubber. Apparently, the creep of polyvinyl chloride never stops. If the 
compliance is plotted against log time, then the curve obtained is con- 
stantly rising, even after periods of many hundred thousand seconds. 

Chemically cross-linked polymers, on the other hand, normally will 
attain a constant maximum value for the creep curve, unless extraneous 
factors, such as chemical breakdown, are present. 
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A satisfactory explanation for this basic difference in the creep behavior 
is not readily available. That which is now being proposed is purely 
speculative, and, although it does explain the phenomenon, it must be 
admitted that the experimental evidence in support of the basic tenet, 
namely, an external force is capable of rupturing crystallites, is very 
meager. 

The crystalline structure of polyvinyl chloride, although it has been 
established, has not been described in all its details. One of the principal 
points of conjecture lies in the distribution in sizes of the crystallites. 
From the X-ray patterns which were obtained, it is shown that there are 
many having dimensions greater than 100 A. In X-ray analysis, crystal- 
lites whose dimensions are less than about this figure, normally do not 
scatter sharply enough to yield crystalline patterns. 

In order that a dimension'be of this order of magnitude, there must be 
approximately 25 units in the diffracting plane. It is logical to assume that 
there is a distribution of sizes, such that some crystallites contain as few 
as 5 or 10 units and others consist of as many as (or more than) 25 units. 

Now, when a stress is applied to a sample, it is possible to consider two 
individual internal mechanical processes taking place stepwise. Firstly, 
creep takes place by the elongation of the amorphous regions between 
crystallites until equilibrium is attained. At this point the stress is dis- 
tributed among the points of cross-linking, or the crystallites. However, 
some of the crystallites are very small and their total binding energy 
consequently is likewise small. 

Those crystallites not having sufficient energy to withstand the external 
force to which they are subjected will be ruptured. When this occurs, the 
sample is no longer at equilibrium, and there must be a redistribution of the 
stress among the intact crystallites. Such a redistribution can take place 
only within a new internal configuration of the chains. Thus, a second 
creep process results, until a new equilibrium is established. The indivi- 
dual crystallites are now subjected to a greater stress and again those with 
insufficient binding energy will be ruptured. Such processes are repeated 
throughout the stressed life of the sample, and will result in a net con- 
stantly rising creep curve. 

Although the creep process has been considered as taking place in indi- 
vidual steps, this has been merely for the purpose of presentation. In 
reality, the processes must be continuous, with no clearly defined stages. 
A much more accurate picture would be one in which the single processes 
described are superimposed one upon the other. 

Evidence in support of this hypothesis has been obtained in the course 
of the experimental work. Three samples containing 45% TOP as plasti- 
cizer were prepared and subjected to tensile creep at 27.5°C. under condi- 
tions of equal stress. The creep curves obtained were all essentially identi- 
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cal (less than 2% deviation of any one curve from the mean of all the 
curves). These films were all stressed for one hour. After stressing, the 
samples were permitted to recover for one hour, at which time 91% re- 
covery was obtained for all the samples. Immediately after recovery, one 
of the samples was re-stressed. Two hours later the second sample was 
stressed again, and 4.5 hr. later, the third sample. The curves obtained are 
presented in Fig. 12. Here it may be noted that a tensile creep run imme- 
diately after recovery of the initial creep is significantly higher than the 
initial curve, and that, as time progresses, the curves tend to fall toward 
the initial creep curve. These differences are larger than experimental 
error. 


A -Initial creep curve 

B-Creep curve immediately after initial recovery 
C-Creep curve 2 hrs. after initial recovery 
D-Creep curve 4zhrs. after initial recovery 


COMPLIANGE x 10° 


1 10 10° 10° 10* 
TIME, sec. 


Fic. 12. Effect of previous stress history upon the creep of VYNW films 
containing 45% TOP. 


The interpretation of this experiment has been along the following lines. 
Shght increases in temperature decrease the quantity of crystalline 
material as is evidenced by the increased height of the creep curve. Thus, 
relatively small amounts of energy have a measurable effect upon the 
quantity of crystalline material, and it is conceivable that the application 
of an external stress may serve in a similar manner. If this is true, the 
crystallites when once ruptured take a measurable time to re-form. 

Therefore, if a sample is subjected to a stress, two distinct processes 
take place within the sample. Firstly, the chains are elongated between 
crystallites, and secondly, the smaller crystallites are ruptured. Every 
time a crystallite is ruptured, the modulus decreases. Thus, the modulus 
decreases with time. If, after this initial elongation, the sample is per- 
mitted to recover, then, when the recovery is completed, the network will 
be looser than it was before the sample was stressed. 

This is due to the fact that it takes a significant period of time for the 
ruptured points of cross-linking to re-form. Consequently, if the sample is 
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immediately subjected to a stress a second time, the initial modulus will 
be less, and consequently the initial portion of the creep curve will be 


higher. 
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VOLUME-TEMPERATURE-TIME RELATIONSHIPS 
FOR POLYSTYRENE ! 


R. S. Spencer 


From the Dow Chemical Company, Midland, Michigan 
Recewed January 6, 1949 


INTRODUCTION 


The conventional picture of the thermal expansion of a high polymer is 
as follows: As the temperature is raised the volume increases uniformly 
according to a certain expansion coefficient. At a particular temperature, 
or over a short range of temperature, this expansion coefficient changes 
rather abruptly to a higher value. A similar discontinuity is observable in 
the specific heat of the polymer, and in various other properties (2,3,4). 
This characteristic temperature is usually designated the second-order 
transition temperature, and has been identified with the “softening 
point,” “‘heat distortion temperature,”’ etc. 

More detailed observations have revealed that the second-order transi- 
tion in high polymers is not a true thermodynamical singularity. Jenckel 
(5) found that a considerable slowing down of the heating process would 
lower the apparent transition temperature of selenium glass 7°C. A similar 
7°C. variation in the apparent transition temperature of polystyrene was 
reported by Alfrey, Goldfinger and Mark (1) for various heating and 
cooling rates. Finally, Spencer and Boyer (6) found that, if sufficient time 
were allowed for the sample to come to volume equilibrium, the volume- 
temperature curve showed no evidence of a transition between 25°C. and 
140°C. The obvious conclusion is that the apparent second-order transi- 
tion is a rate phenomenon, dependent on both the properties of the mater- 
ial and the conditions of the experiment. A not so obvious corollary is that 
the values of the expansion coefficients observed are also somewhat de- 
pendent upon experimental conditions. 

The existence of two mechanisms of thermal expansion was suggested 
and subsequently confirmed by Alfrey, Goldfinger and Mark (1) and 
Spencer and Boyer (3,6). One mechanism appears to respond almost in- 
stantaneously to temperature changes within the range of interest. The 
other mechanism produces delayed volume changes at a rate proportional 
to the difference between the equilibrium volume and the actual volume. 


1Presented at the Annual Meeting of the Society of Rheology, New York, N. Y., 
November 5 and 6, 1948. 
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The temperature-dependence of this rate is characterized by an activation 
energy of 12 kcal./mole. It is apparent, then, that the volume is a func- 
tion of both time and temperature, and depends also upon the initial 
state of the polymer, of course. The differential equation describing this 
relationship was stated by Spencer and Boyer (6), and the result of a 
graphical solution of the equation for a particular case compared with 
experiment. 

It is the purpose of the present paper to derive a general solution of the 
fundamental thermal expansion equation and to apply this to certain 
simple temperature-time relationships. The resulting volume-temperature 
curves may then be analyzed to determine the dependence of the second- 
order transition temperature upon such factors as heating or cooling rate, 
initial condition of the polymer, etc. A limited comparison with experiment 
will be made, and some consideration given to related annealing problems. 


GENERAL PROBLEM 


Inasmuch as this problem is one essentially mathematical in nature we 
shall begin by defining certain symbols, as follows: 


t = time (min.) 
T = absolute temperature 
V = specific volume (cm.*-g.—') at ¢ and T 
V. = equilibrium specific volume at 7., = V.[1 + (61 + B2)T ] 
V. = equilibrium specific volume at 0°K., by extrapolation 
AV=V-V, 
AV° = the value of AV att = 0 
6, = “instantaneous” volume expansion coefficient (based on V,) 
B, = “delayed” volume expansion coefficient (based on V,) 
k = rate constant for delayed isothermal changes. We take this to 
be of the form k = Ae®7, with A and B constants. 


Any other special symbols will be defined as needed. 
The volume being a function of time and temperature, we may write 


PROV. aVv 
a= (UY dee (Ue a) 


In terms of the experimental observations (6) the instantaneous expan- 
sion gives 


(Sr) = V6 (2) 


and the isothermal delayed expansion gives 


OV 
OE : = — kAV = — AeBT-A/\. (3) 
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This last expression brings up an interesting point. It is perhaps more 
correct to consider k to be of the form Ae-?/7, but unfortunately this leads 
to a rather intractable differential equation. The expression in Eq. (3) 
gives almost as good a fit to the experimental data and has certain mathe- 
matical advantages. As a final check, the more correct but less tractable 
equation was solved for certain cases by the differential analyzer and 
fairly good agreement obtained with the solutions given by the form used 
in this paper. 
Substituting (2) and (3) in Eq. (1) we obtain 


dV = V.BidT — Ae®7-AVadt. (4) 
Now 
dV = dad(AV) + V.(8i + B2)dT, 
so 
d(AV) Pogue itaes aT 
=e AN tine Oe ae (5) 


Considering 7 as a known function of ¢, this is simply a linear first-order 
equation. Defining 
ga f oma 


the solution of Eq. (5) may be written as 


7 
AVi= AVetre* — Vieie* f edT, (6) 


To 


Displacement = Volume 
M d { s pa le 
odulus Veh 


i 
Vof/32 


Modulus= 


: : | my 
Viscosity= KVeBe = 


Force= Absolute Temperature 


Fic. 1. Mechanical analogue for the volume-temperature-time 
relationship for polystyrene. 


where ¢, and T’, are the values of ¢ and 7, respectively, at t = 0. This is 
our general solution, into which may be substituted particular tempera- 
ture-time relationships of interest. Fortunately, some of the most inter- 
esting cases yield solutions in closed form. As a matter of interest, Eq. (6) 
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leads to the following expression for the expansion coefficient at any point: 


dV Ac®?-AV 
ap 7 eur arya 


The foregoing equations are identical with those governing the behavior 
of the mechanical system shown in Fig. 1. This diagram will be a familiar 
one to workers in the high polymer field, inasmuch as it is also a simplified 
model for the elastic behavior of a polymer. In our case the volume corres- 
ponds to displacement and the temperature corresponds to the force 
applied. 

The constants for polystyrene used in all subsequent computations were 
as given in Table I. 


TABLE I 
Thermal Expansion Constants for Polystyrene of Molecular Weight 360,000 
At—ale,Oo lee Ome mines 
B = 0.058363 °K. 
Bi = 3.1385 X 1074 °C. 
B2 = 2.054 X 1074 °C. 
V. = 0.82871 cm.3-gm. 


LINEAR CASES 


One of the most useful and instructive situations to be able to treat 
theoretically is that in which the temperature rises or falls linearly with 
time. Let 

aT 


ie 
where b is a constant, either positive or negative. In this case 
Ae®T 
= OB 
and Eq. (6) becomes 
a V .B.e7* F d 
AV = AVete-* — 2" THi(g) — Bi(d.)], (7) 


where 


$@% 
Bite) = [ 


ee) 


is the exponential integral, which has been tabulated (7). 

In Fig. 2 is shown the volume-temperature curve for the case of heating 
at 0.82°C./min. from equilibrium at 23°C. The solid line represents Eq. (7) 
and the circled points are taken from an experimental curve obtained 
under the above conditions. The agreement between theory and experi- 
ment is fairly good. Extrapolation of the two “straight” portions of the 
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Fie. 2. Volume-temperature curve for 7’ = 296.2 + 0.82 ¢ and AV° = 0. The dotted 
line gives the equilibrium volume; the points are the results of an experiment carried out 
under these conditions. 


0.99 


0.98 


0.97 


oO 20 40 60 60 100 = 120 140 6160 


Fic. 3. Volume-temperature curve under same conditions as Fig. 2, 
except that AV° = 0.01 (quenched sample). 
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curve in the usual fashion would yield an apparent second-order transition 
temperature of 7’m = 82.5°C. Fig. 3 shows the volume-temperature curve 
for the same conditions, except that the polymer was not initially at 
equilibrium but has AV° = 0.01. This might be thought of as representa- 
tive of a quenched sample. In this case the apparent transition tempera- 
ture has risen to 93.5°C., as determined graphically by extrapolation. 

The effect of heating rate on apparent second-order transition tempera- 
ture may perhaps best be approached by first formulating a more or less 
arbitrary definition of 7’m. It is not to be expected that this will parallel 
exactly in all cases the values resulting from the usual handling of experi- 
mental data. It should, however, provide a self-consistent way of illustrat- 
ing the behavior to be expected. 

It has been customary to represent the upper and lower portions of the 
volume-temperature curve by straight lines, and to designate the transi- 
tion temperature as that corresponding to the point of intersection of 
these two lines. As an approximation to this graphical procedure, we shall 
take a tangent through the initial point for the lower straight line, and a 
tangent through the inflection point for the upper straight line. This 
inflection point is always present in heating curves, and is particularly 
noticeable in Fig. 2. If we designate the temperature at which it occurs as 
T>, and the corresponding value of ¢ as ¢2, it is defined by 

BAV°et 
Ei(¢2) + > ar = Ei(do) + The. 
which may be solved graphically for ¢2. The tangent through this in- 
flection point is given by 


(8) 


V = V.L1 + (61 + B2)T2] + AV°ete-#2 — ree ae — Ei($o) | 


So l@-7). @) 


at V 81 oi V Bes 


The tangent through the initial point is given by 
V = V.[1 + (6:1 + B2)T.] + AV? + [V.81 — AV°Bd. (7 — T.). (10) 
Setting 7’ = 7'm at the intersection of these two straight lines, we find 


a _. 


BT, +———— So nie le ee 
Bin = ee (11) 
ho 2 BAV°¢, 
re i | V Be 


If we start from equilibrium, so that AV° = 0, this may be reduced to 


BTm = BRE ae. 1 a7 In($2/do) ; 


pe (te) 
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TABLE II 


Dependence of Apparent Second-Order Transition Temperature 
Upon Rate of Heating from 20°C. 


Heating rate (°C.-min.~1) Tm (°C.) 
(AV° = 0) 
0.1 54.0 
0.5 74.8 
1.0 84.9 
(AV° = 0.01) 
0.1 73.5 
0.5 91.9 
1.0 99.2 


In Table II are listed values of 7’m, as defined above, for various rates 
of heating, and for a sample at equilibrium and a quenched sample. It may 
be noted that increasing the rate of heating raises the transition tempera- 
ture, as does also an increase in AV°. These conclusions should be generally 
valid, even with the somewhat arbitrary definition employed for 7'm. 

Eq. (7) applies equally well to cooling, of course. Fig. 4 shows a volume- 
temperature curve for cooling from equilibrium at 140°C. at a rate of 
0.82°C./min. The low-temperature expansion coefficient is larger than in 


oO 20 40 60 80 100 §=—:120 140 §=6160 


Fia. 4. Volume-temperature curve for cooling from equilibrium at 140°C. 7’ =413.2-0.82t, 
AV? = 0. The dotted line gives the equilibrium volume. 
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the case of heating, and the apparent second-order transition is in the 
neighborhood of T’m = 85°C. Inasmuch as there is no inflection point in 
such a cooling curve, the previous definition of 7’m-is no longer useful. 
Preliminary calculations of the point of intersection of tangents through 
the initial and final (room temperature) points would seem to indicate 
that the general observations made in the preceding paragraph still hold 
good. The rate of cooling does not influence the value of 7’m quite as much 
as the heating rate did in Table II, but it is uncertain whether this is 
attributable to the change over from heating to cooling or to the different 
way in which 7'm is defined. 


° 20 40 60 80 100 120 140 6160 


Fie. 5. Volume-temperature curve for multiple step-function heating from equilibrium 
at 20°C. AT = 10°C., At = 30 min. The dotted line gives the equilibrium volume. 


It is apparent that, when a sample is cooled from equilibrium at some 
higher temperature to room temperature (say 20°C.) the specific volume 
will be greater than the equilibrium value. This excess, AV, will disappear 
slowly on standing, 7. ¢., the sample will shrink. The undesirability of this 
in the case of some molded objects raises the question of the feasibility of 
minimizing the shrinkage by an annealing process. The annealing cycle 
would consist of two parts, an initial holding period at a specified tempera- 
ture to allow the system to come to equilibrium, followed by slow cooling 
to room temperature. The time-temperature relationships for the holding 
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period were shown in Fig. 5 of Ref. (6) for various percentages of travel 
over the initial distance from equilibrium. We shall now discuss briefly 
the remaining question of the excess specific volume at 20°C. after cooling 
from equilibrium at a higher annéaling temperature. 

In the case of linear cooling to a fixed end temperature (20°C.) the two 
determining factors are the initial temperature, 7',, and the cooling rate, 
b. Inspection of Eq. (7) shows that, for a considerable range of values of 
b, the term H'7(¢,.) becomes negligible as compared to E7i(¢) as soon as the 
temperature falls appreciably below 7. Stated in another way, this means 
that the volume-temperature curve is determined principally by the 
cooling rate b, and is almost independent of 7’, except at the high tempera- 
ture end. Thus, the excess specific volume, AV, at 20°C. will depend, in 
first approximation, only upon the cooling rate, in the manner shown in 


TABLE III 


Excess Specific Volume Remaining at 20°C. After Cooling 
from a Higher Annealing Temperature 


Cooling Rate (°C.-mi.1.~*) AV (20°C.) 
0.005 -00123 
0.01 -00200 
0.05 .00479 
0.1 .00637 
0.5 .01052 


Table III. As the rate becomes increasingly rapid, the AV at 20°C. 
approaches the value corresponding to the expansion coefficient 82, that is, 


AV = AV? + V.B2AT. (13) 


This may be shown from Eq. (7) or by straightforward reasoning. Of 
course, it must be realized that Table III and Eq. (13) refer only to the 
value of AV at the instant the temperature reaches 20°C. If the tempera- 
ture is subsequently held constant, the value at a later time is obtained by 
multiplying the initial 20°C. value by e™. 

In deducing an optimum annealing schedule, it must first be decided 
how much room temperature shrinkage is permissible. This allowable 
excess specific volume determines the cooling rate. The optimum holding 
temperature may then be calculated by balancing the decrease in holding 
time with rising temperature against the increase in cooling time. These 
quantities define the annealing schedule, in terms of the holding tempera- 
ture, holding time and cooling rate. Table IV shows two examples of such 
schedules, based upon the 90% travel line of Fig. 5, Ref. (6). 


NONLINEAR CASES 


Volume-temperature curves are sometimes obtained by transferring the 
sample from bath to bath, each operating at a different temperature, and 
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TABLE IV 
Optimum Annealing Schedules for Volume Stabilization at 20°C. 


Allowable shrinkage Pea A Holding time Cooling rate Total time 
1% 95.3°C. 68 min. 0.34°C. /min. 290 min. 
0.5 51.1 461 0.05 1083 


allowing enough time in each to permit close approach to thermal equilib- 
rium. We shall idealize this situation by assuming that the temperature 
is a (discontinuous) multiple step-function of time. That is, at ¢ = 0 the 
temperature jumps from 7, to (7. + AT), and subsequently jumps up in 
temperature an amount A7' at the end of each time interval At. The prob- 
lem is to calculate the excess specific volume AV™ at the end of the 
n-th time interval. The solution may be written in the form | 


where 
pn = eXp | Ae ee — 
i=1 
and 
n Pn 
On = arm ey 
i= Pil 


Fig. 5 shows the volume-temperature curve calculated for such a case, in > 
which 7, = 20°C., AT = 10°C., and At = 30 min. A definitely sigmoid | 
shape is apparent, and the sample is essentially at equilibrium at all 
temperatures above 105°C. 

For some purposes it would be desirable to have a solution at hand for a 
nonlinear temperature-time relationship which could be used to approxi- 
mate experimental relationships. For example, one which permits a 
solution in closed form is the following, 


T = T, + alog (1 + bé), (15) 
where a and 0 are constants. This gives 


ie AeBTo(] + bt)o8+1 


b(aB + 1) 
and, on substitution in Eq. (6), 
pe ° = aV 6 e? 5 
AV = AV°et-e-% — Bese LEi(¢) — Ei(¢o)] (16) 


as the solution. 


An application of this solution was made in the case of a sample brought 
to equilibrium at 120°C. The bath containing the dilatometer was allowed 
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to come back to room temperature by natural cooling and the temperature 
and polymer volume were recorded as a function of time. The temperature- 
time relationship was approximated by Kq. (15) with a = — 66.5 and 
b = 0.02865 min. which gave a fair fit. Fig. 6 shows the volume-tempera- 
ture curve corresponding to Eq. (16) for this case, and the experimental 
points for comparison. The agreement is not too bad, except at the very 
end of the experiment. 


1.01 


1.00 


0.87 
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Fic. 6. Volume-temperature curve for natural cooling from equilibrium at 120°C. 
T = 393.2-66.5 log 10 (1 + .02865 ¢). The dotted line gives the equilibrium volume; the 
circles are experimental points. 


SUMMARY 


A differential equation relating the specific volume of polystyrene to 
time and temperature has been set up and a general solution obtained. 
This solution may be expressed in terms of known functions for certain 
temperature-time relationships of interest. Among those discussed in this 
paper were the cases of linear heating or cooling of both equilibrated and 
yuenched samples, a multiple-step function, and a three-constant logarith- 
nic function. This last case was used to approximate natural cooling, with 
some success. The effect of heating or cooling rate upon the apparent 
second-order transition temperature of both equilibrated and quenched 
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samples was discussed. Some applications were made to the problem of 
annealing for volume stabilization at room temperature. 
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INTRODUCTION 


The rate of shear of molten polystyrene is determined primarily by 4 
factors: shearing stress, temperature, polymer molecular weight, and 
plasticizer or solvent content. Of these, the first two were discussed in the 
first paper in this series (9). The present paper considers these same two 
factors in more detail and also presents data relating to the influence of 
polymer molecular weight and solvent content. Brief mention is also 
made of the effect of varying degrees of branching and of thermal break- 
down on aging. 

The presence of flow orientation during extrusion through a capillary 
was pointed out previously. At low shearing stresses this results in an 
increase in diameter of the extruded filament over that of the capillary, by 
recovery of the orientation. We have found that when the shearing stress 
exceéds a critical value the extruded filament buckles into a regular spiral. 
This spiral inception point has been shown to correspond to an isoelon- 
gated state with @ = 3. This being the case, the shearing stress at this 
point should be proportional to the modulus of high elasticity. Confirma- 
tion of this view was found in our observations that the capillary wall 
shearing stress at the spiral point was inversely proportional to the molec- 
ular weight, was insensitive to temperature variations, and decreased 
with addition of solvent. 

The present work must be considered as a direct continuation of that 
reported in our first paper on this subject. The experimental methods and 
equipment were, by and large, the same as have been described, with 
modifications and extensions as noted in the next section. 


EXPERIMENTAL METHODS 


The flow characteristics of molten polystyrene were determined by 
extruding the material through a capillary, as was described in our pre- 
vious paper (9). The design of the apparatus was such that the lower end 
of the capillary was exposed to room temperature. It was found that the 


1 Presented at the Annual Meeting of the Society of Rheology, New York, N. Y., 
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exposed end could be as much as 20°C. cooler than the polymer, depending 
upon capillary dimensions and bath temperature. Under these conditions 
it is evident that the average temperature of the polymer in the capillary 
would be slightly dependent upon the extrusion rate, a highly undesirable 
situation. To correct this the capillary was jacketed and a small heating 
coil would around the lower end. Thermocouples were placed in the capil- 
lary wall at both ends. Two or three trial and error adjustments of the 
voltage to the heating coil were usually sufficient to bring the temperature 
to within 0.5°C. of the desired value. | 
The shearing stress in any given capillary is limited by the capillary 
dimensions and the gas pressure available. Using nitrogen cylinders, as in 


FROM INJECTION — 
MOLDING MACHINE 


ae is 
CAPILLARY 0 ths 


p 


THERMOCOUPLE 


Fie. 1. Adaptor for using an injection molding press as an extrusion viscosimeter. 


our case, this latter factor has a top limit of about 1500 p.s.i. To permit 
measurements at higher shearing stresses, an adaptor for a small injection 
molding press was designed, as shown in Fig. 1, by G. D. Gillmore. This 
attachment uses the same capillaries as the gas-driven viscosimeter, but 
takes advantage of the much higher pressures possible with the injection 
molding press, up to 15,000 p.s.i. Inasmuch as the ram pressure is greater 
than the pressure delivered to the capillary, it is necessary to measure 
pressure directly at the capillary entrance. This is accomplished by 
connecting a Bourdon gauge to the adaptor chamber. Both the connecting 
tube and gauge are filled with a high viscosity silicone fluid. This arrange- 
ment does not provide positive separation between the polymer and the 
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fluid, and the polymer will eventually plug off the connecting tube. This 
necessitates regular disassembling and cleaning operations for satisfactory 
performance. Heat is supplied to the adaptor by two cartridge heaters not 
shown in Fig. 1, and the polymer temperature is determined with a ther- 
mocouple near the capillary entrance. 

Certain characteristics of the flow curves of polystyrenes made it seem 
desirable to be able to work at shearing stresses up to 2 X 10° dynes-cm.— 
with a single capillary and a single viscosimeter. This is possible with 
capillary No. 7 previously described (9), but its dimensions are such that 
it is more properly termed an orifice. To fill this gap, another capillary, 
designated as Number 9, was made, having a radius of 0.0519 cm. and a 
length of 1.242 cm. This provided coverage of the desired range with the 
gas-driven viscosimeter. For convenience, the dimensions of all capillaries 
used in this paper follow: 


Capillary No. Radius Length 
cm cm. 

1 0.0541 2.062 

4 0.1616 5.086 

8 0.0529 3.211 

9 0.0519 1.242 


In attempting to extend the viscosity-temperature relationship to 
temperatures lower than those feasible with the extrusion viscosimeter, the 
indentation technique of Pocklington (7) was used. This consisted of 
placing a weighted steel ball on a disk of hot polystyrene and measuring 
the radius p of the indented circle after a time ¢. The viscosity was com- 
puted from Pocklington’s formula 


= 1 
7 16p?’ ( ) 


where RF is the radius of the ball and F is the force pressing it into the 
polymer. Since the shearing stresses involved are relatively low, we may 
consider n as the Newtonian viscosity. At lower temperatures elastic 
effects become quite troublesome, and it was necessary to allow a recov- 
ery period after unloading the sample and before cooling it. In this case 
the depth of the indentation was measured, rather than its radius. 
Adhesion of polymer to metal limits the usefulness of the method at higher 
temperatures. 


DISCUSSION 
1. Flow 


The method of obtaining the Newtonian viscosity by extrapolating the 
flow data to zero shearing stress was described in the first paper of this 
series (9). It consists of plotting the logarithm of the apparent fluidity as 
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ordinate and the shearing stress at the capillary wall as abscissa. Experi- 
ence showed that a straight line resulted, in the lower shearing stress 
region, facilitating the extrapolation. Previous results also indicated, how- 
ever, that the line became noticeably curved as the shearing stress 
increased. 

It has been found desirable, for a number of reasons, to have at hand a’ 
suitable mathematical expression, empirical or otherwise, for the relation- 
ship between apparent fluidity and shearing stress. Two suggestions were 
made in our previous paper, the first a division of the curve into two 


° 5 if) it} 20 25 


vies 2. Apparent fluidity at various capillary wall shearing stresses. Circles are points 
obtained with the molding press, crosses with the gas-driven viscosimeter. The solid line 
represents Eq. (2) with k = 0.3975 X10- em.?-dyne™. 


exponential functions, and the second a two-term power law expression. 
Neither of these has proven completely satisfactory in representing experi- 
mental data. In addition, both have the disadvantage of requiring more 
than one material constant beyond the Newtonian viscosity. 

Let us consider for a moment the mathematical characteristics of the 
observed function, in the case of capillary flow. We find that, in the region 
of low shearing stress, the apparent fluidity is roughly exponential in the 
shearing stress, as mentioned previously. As the shearing stress at the 
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wall increases, the fluidity appears to become proportional to the shearing 
stress raised to a power between three and four. A function possessing 
these characteristics is the following polynomial: 


trhck (ktw)? ktw)? krw)4 
ba= 2/1 thre + ip api “| (2) 


0 2! 3! 4! 


where ¢,4 is the apparent fluidity, n, is the Newtonian viscosity, k is a 
material constant, and r. is the shearing stress at the capillary wall. The 
faithfulness with which this function represents experimental data is 
illustrated in Figs. 2 and 3. Fig. 2 represents data on the flow of a poly- 


Fic. 3. Apparent fluidity at various capillary wall shearing stresses. All points were 
obtained using capillary No. 9 with gas pressure. The solid line represents Eq. (2) with 
k = 0.353 X 10-° cm.?-dyne™. 


styrene sample in two viscosimeters, the Monsanto rheometer used for the 
bulk of our measurements and the injection molding press adapter de- 
scribed in the preceding section. The solid curve represents the function of 
Eq. (2) with k = 0.3975 K 10-° cm.?-dyne™. In Fig. 3 the same shearing 
stress region has been covered for a polystyrene of 360,000 molecular 
weight, using only the Monsanto rheometer with capillary No. 9. The 
solid line corresponds to a value of k = 0.353 X 10-5 cm.*-dyne™. These 
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data illustrate our general observation that Eq. (2) gives a good represen- 
tation of experimental flow curves. 

The temperature dependence of the Newtonian viscosity was discussed 
in our first paper. The uncertainty in temperature in these earlier meas- 
urements has been mentioned already, and was thought to be sufficient 
reason for repeating the experiment with the heated capillary. At the same 
time the temperature range covered was extended, both with the ex- 
trusion viscosimeter and the indentation method. The revised values are 
listed in Table I and are shown in Fig. 4. The essential features of the 
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Fic. 4. Temperature-dependence of Newtonian viscosity. Circles are with the extru- 
sion viscosimeter, crosses are by the indentation method, and the dotted line represents 
data from the parallel-plate plastometer (1). 


temperature-dependence are the same as previously described. Of partic- 
ular interest is the good agreement between the two methods of measure- 
ment, and with the results of Dienes and Dexter (1) on the same material, 
using a parallel plate plastometer. 

The influence of molecular weight on the melt viscosity of polystyrene 
has been reported by Fox and Flory (4), who found that the relationship 
suggested earlier by Flory (3) was not obeyed. Similar data, extending to 
somewhat higher molecular weights, are listed in Table II. In Fig. 5 we 
see that the relationship is closely approximated by a power law, as was 
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TABLE I 


Newtonian Viscosities of Polystyrene 
(Mol. Wt. = 360.000) 


Temperature no (poises) Method 
250°C. 4.72104 Capillary 
225 1.32 10° Capillary 
215 2.50 X 10° Capillary 
200 4.17X10° Capillary 
185 2.17 X 10° Capillary 
175 3.76 X 108 Capillary 
165 1.17107 Capillary 
150 8.45 X 107 Capillary 
148 1.07 x 108 Indentation 
125 1.40 10° Indentation 
110 9.40 10° Indentation 

TABLE II 


Newtonian Viscosities of Polystyrene at 200 C. 


Molecular weight by light scattering no (poises) 


(Whole polymers) 


86,000 3.50 X 10° 
162,000 4.00 X 10¢ 
196,000 6.25 X 104 
360,000 4.81 X 10° 
508,000 1.00 < 10° 
560,000 3.33 X 10° 

(Fractions) 
490,000 1.89 x 10° 
510,000 1.64 10° 
710,000 6.58 X 10° 


Tio AT 200°C 
(POISES) 


103 104 10% 108 io" 


Fic. 5. Effect of polymer molecular weight on the Newtonian viscosity at 200°C. 
The crosses are data of Fox and Flory (4). 
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reported by Fox and Flory (4). The data of Fox and Flory on polystyrene 
fractions within this molecular weight range are also shown in Fig. 5 for 
comparison. Inasmuch as their values were obtained at a temperature of 
217°C., a factor was computed from Fig. 4 and applied to correct their 
figures to 200 °C. The consistent discrepancy between our viscosities and 
theirs may be due to the different methods employed in the determination 
of molecular weights. Our values were based on light scattering measure- 
ments, and those of Fox and Flory were computed from intrinsic viscos- 
ities. In spite of this, the agreement is not too bad. 

We shall now consider briefly the factors influencing the parameter k. 
The data reported in our first paper would lead one to suspect that k is not 
very dependent upon temperature, molecular weight, or capillary dimen- 
sions. Confirmation for this expectation is found in Table III. No system- 


TABLE III 
Constancy of the Parameter k for “Unplasticized”’ Polystyrenes 
Mol. wt. Temperature Capillary No. k(cm.2-dyne~) 
162,000 175°C 8 0.365 x 10-5 
196,000 200 9 0.379 
242,000 225 8 0.352 
280,000 225 8 0.364 
360,000 185 8 0.346, 0.366 
360,000 200 9 0.353 
360,000 225 8 0.375 
360,000 250 8 0.335 
392,000 250 1 0.320 
440,000 250 1 0.330 
1,100,000¢ 250 1 0.386 


¢ This sample decreased considerably in molecular weight during the measurements. 
See Table V. 


atic variation of k with the factors tabulated is apparent. These data give 
k = 0.356 X 10-° cm.*-dyne™ as an average value for “unplasticized” 
polystyrene. The addition of a solvent or plasticizer does, however, effect 
a change in the value of k, as indicated in Fig. 6 for a variety of polymers 
and solvents. Here we see that k increases with solvent concentration up 
to 4 or 5% by weight, after which it remains relatively constant to at 
least 20% solvent. 

The effect. of solvent addition on such other properties as Newtonian 
viscosity and activation energy of viscous flow is, of course, well known. 
In the case of polystyrene, work has been reported by Ferry (2), Jenckel 
and Uberreiter (5), Scheele, Alfeis and Friedrich (8), and Spencer and 
Williams (10). Some further results with the system polystyrene-iso- 
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propyl benzene are shown in Table IV. Measurements were carried out at 
temperatures other than 180°C., but are not listed because of the limita- 
tion placed upon concentration range by our equipment. As a matter of 
interest, the viscosity value of the original polymer computed by extrapo- 
lation to 180°C. of the higher temperature region of Fig. 4 is included in 
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Fic. 6. Influence of solvent concentration on k. 


the Table. It seems to fit in better with the other data than does the 
actual value observed at 180°C. In Fig. 7 the activation energies of 
Table IV, and those reported by Spencer and Williams (10) for the more 
dilute region, are plotted against concentration of isopropyl benzene, 
from 0 to 100%. The slight shift in concentrations from those listed in 
Table IV is occasioned by the fact that our original polymer contained 
0.8% of some volatile material. 

An attempt was made to study the effect of branching on the flow 
properties of polystyrene by copolymerizing styrene with small amounts 


TABLE IV 
Effect of Adding Isopropyl Benzene to Polystyrene of 360,000 Mol Wt. 


Solvent added no (180°C.) k Activation energy 
0 Wt.-% 2.9 (1.15%) x 108 0.346 x10 22.2 kcal./mole 
5 4.5 10° 0.455 20.8 
10 1.72 10° 0.586 19.7 
15 5.3 X 104 0.562 18.8 
20 — = 16.7 


« This is the viscosity obtained by extrapolation from the higher temperature region of 
Figure 4. 
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of divinylbenzene. The results obtained were so erratic that only very 
general conclusions can be reached. The addition of divinylbenzene gave 
polymers of increased molecular weight, and thus of increased Newtonian 
viscosity. The value of k did not seem to change appreciably, however. 
These branched polymers appeared to have some kind of loose structure, 


ACTIVATION ENERGY 
( K.CAL/MOLE) 


% ISOPROPYLBENZENE 


v) 20 40 60 80 100 


Fie. 7. Activation energy of viscous flow of the system polystyrene-isopropylbenzene. 


extending throughout the material, which could be broken down either by - 
prolonged heating or by vigorous shearing. The question of reversibility 
was not investigated. In Table V are listed typical molecular weight data 
on these polymers. It is apparent that, as the concentration of divinyl- 
benzene increases, the percentage of breakdown on extrusion through the 


TABLE V 


Polystyrene-Divinylbenzene Copolymers 


Divinylbenzene (p.p.m.) Remarks Molecular weight 

0 As polymerized 366,000 

0 Extruded 332,000 

10 As polymerized 400,000 

25 As polymerized 450,000 

25 Extruded 350,000 

50 As polymerized 560,000 

100 As polymerized 1,100,000 

100 Molded 822,000 

100 Heated in viscosimeter 639,000 


100 Extruded 527,000 
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viscosimeter also increases. This might be due in part to breakdown of the 
loose structure just alluded to. 

Some breakdown must be expected, of course, due to depolymerization. 
Our attempts to follow this through viscosity measurements have been 
unsuccessful except at a temperature of 250°C. These data are shown in 
Fig. 8 for the polystyrene of 360,000 molecular weight. It will be noted that 


co) ! iz 3 4 5 6 7 
MINUTES x 1073 


Fic. 8. Aging of polystyrene at 250°C. 


the viscosities observed during the earlier part of the experiment are 
somewhat higher than the short-time value reported in Table I. This is 
fairly typical of all of our results; in fact, at 225°C. we observed a maxi- 
mum in viscosity. So far, no satisfactory explanation of this effect has 
presented itself. Only at 250°C. was the continual decrease in viscosity 
with time observed. At 225°C. and lower, the viscosity appeared to be- 
come constant after the initial maximum, within the duration of our 
experiment. 
2. Flow Orientation 

As the shearing stress increases, the appearance of the extruded filament 
changes, due to flow orientation. The “ballooning” effect, or increase in 
filament diameter by orientation recovery, was discussed in our first paper. 
At higher shearing stresses other phenomena become apparent, such as 
the ‘‘turbulence’’ mentioned by Nason (6). 

These effects are illustrated in Fig. 9, and seem to define 3 regions of 
shearing stress. At lower shearing stresses the filament surface is smooth 
and the diameter increases with shearing stress in the manner already 
discussed (9). In an intermediate region, more or less regular spirals are 
produced, with some roughening of the surface. Finally, at higher shearing 
stresses the surface becomes relatively smooth again, and the filament 
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takes on the appearance of a series of short segments joined end to end in a 
somewhat haphazard fashion. The remainder of the present paper will be 
concerned with the intermediate region and the formation of spirals. 
The mechanism of spiral formation is an interesting question in itself, 
our picture of this process being as follows: The orientation in a filament 
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Fia. 9. Pesce of shearing stress on surface characteristics of 294,000 mol. wt. poly- 
styrene at 200°C. From top to bottom the corresponding wall shearing stresses are 5.64, 
8.53, 9.39, 9.68, 10.12, 10.40, 10.84, 11.63, 14.45, 18.21, and 21.24 X 10° dyne-cm.~. 


Is a maximum at the capillary wall and drops to zero at the center, along 
with the shearing stress. As the shearing stress is raised the uieiaes even- 
tually attains the maximum elongation possible for polystyrene, and 
further raising of the shearing stress only forms a thicker “skin” of ‘pole 
mer at maximum elongation. In this region we have a skin of constant 
maximum elongation and a core of constant average elongation, all of the 


MOLTEN POLYSTYRENE. II 253 


core being oriented less than the skin. The only things that change with 
shearing stress are the thicknesses of the core and skin. When the filament 
emerges from the capillary, it cannot cool fast enough to prevent recovery 
of the orientation, under our experimental conditions. The outside skin 
would like to contract axially more than the less oriented core and thus 
compresses it. The system is now unstable and the core buckles into a 
spiral. This may be domonstrated crudely by analogy, by stretching a thin 
walled rubber tube over a soft solder core and clamping it in the stretched 
condition. When the force is removed the system will form spirals, seg- 
ments, etc., depending on the thickness of the rubber tubing and the 
amount of initial stretch. The similarity between the configurations ex- 
hibited by this model and those found in extruded filaments is rather 
striking. The explanation outlined above may be satisfactory qualitatively ; 
let us now consider more concrete evidence. 

We find experimentally that the point at which spiraling commences is 
very sharply defined. In one case, for example, an increase of two p.s.i. in 
total pressure differential was sufficient to produce detectable spirals 
where there previously were none. This sharp definition seems quite 
general, but is particularly noticeable with polymers of superior uniform- 
ity. By measuring diameters of filaments extruded below the spiral point 
and extrapolating, it is possible to calculate the average relative length, 
a, characteristic of the inception of spiraling. Such figures are shown in 
Table VI, where we see that the spiral point is defined by & = 3 for 


TABLE VI 
Average Relative Length (Due to Flow Orientation) at the Inception of Spiraling 


Mol. wt. Temperature Capillary No. @ (spiral pt.) 
294,000 175°C. 4 2.86 
294,000 200 4 3.06 
294,000 200 o 2.99 
392,000 250 1 3.19 
440,000 250 1 Why) 
508,000 200 S 2.89 
530,000 250 1 2.82 
600,000 250 1 2.97 


polystyrene, independent of molecular weight, temperature, and capillary 
dimensions. A single sample containing 15% isopropylbenzene has been 
run and shows &@ = 3.28 at the spiral point, which is probably not signifi- 
cantly different from 3 when the difficulties involved are considered. 
Thus, we seem to have here a fairly general criterion for the inception of 
spiraling in extruded polystyrene. From previous observations we would 
estimate that @ = 3 corresponds to a relative length of a = 5, approxi- 
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mately, at the surface of the filament. This is in the right neighborhood to 
be considered as a likely value for/the maximum a possible with poly- 
styrene. 

Considering the spiral point as an “‘isoelongated state,” it follows that 
the shearing stress at this point will be proportional to the modulus of 
rubberlike elasticity. Let us look at the following data with this idea in 
mind. The influence of molecular weight is shown in Table VII. The modu- 


TABLE VII 
Dependence of Capillary Wall Shearing Stress at Spiral Inception Upon Molecular Weight 
Molecular weight tT» (dyne-cm.~?) M:tw 
196,000 14.09 x 10° 27.6 X 101° 
294,000 9.90 29.1 
378,000 7.24 27.4 
508.000 5.85 29.7 
527,000 Or 27.8 


lus, and therefore 7, at the spiral point, should be inversely proportional 
to the molecular weight, assuming a constant number of effective second- | 
ary “cross-bonds”’ per molecule. In the last column of table VII is listed | 
the product of +, and molecular weight, which is seen to be relatively | 
constant, in agreement with our expectation. The effect of temperature is | 
negligible, as may be seen by referring to Table VIII. The limits listed in | 


TABLE VIII 
Temperature-Independence of Capillary Wall Shearing Stress at Spiral Inception 
Temperature tw (Spiral) 
175°C. 9.93 (+.03) X 10° dyne-cm.~? 
200 9.90 (-+.07) X 105 
225 10.00 (+.03) x 105 


this table are not probable errors but represent the uncertainty in inter- | 
polation on the pressure gauge. One sample, containing 15% by weight of | 
isopropylbenzene, was run at 150°C. to check the influence of solvent con- | 
tent. As might be expected, the modulus had dropped, giving a shearing 
stress at the spiral point of 7.04 ( + .03) X 10° dyne-cm.~, as compared 
with the values in Table VIII. 

These data, with other more qualitative observations, suggest that the 
‘explanation of spiraling previouly set forth is a fairly plausible one. 


| 
SUMMARY | 
| 


The capillary flow of polystyrene has been studied in some detail. An : 
empirical equation relating apparent fluidity to capillary wall shearing 
stress has been suggested which fits experimental flow curves well. This 
equation has the advantage of containing only two material constants: 
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the Newtonian viscosity, 7, and a constant, k, characterizing the degree 
of departure from Newtonian behavior. The influence of temperature, 
polymer molecular weight, and solvent content on yn, were discussed and 
suitable data presented. The dependence of the activation energy of 
viscous flow upon solvent content was illustrated by data on the system 
polystyrene-isopropylbenzene over the entire concentration range. It was 
shown that the constant k is relatively independent of temperature and 
polymer molecular weight. However, as the solvent content increases, 
k increases, finally assuming a more or less constant value over the range 
5-20% solvent. 

A critical capillary wall shearing stress was observed, above which the 
extruded filament buckles into a spiral. This spiral inception point was 
shown to be an isoelongated state defined by & = 3. The wall shearing 
stress at the spiral point was found to vary inversely with the molecular 
weight. It was relatively independent of temperature and decreased as the 
solvent content increased. These observations were in accord with the 
tentative explanation put forth for the phenomenon of spiraling. 
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INTRODUCTION 


Parallel plate plastometer measurements have been shown to yield 
significant rheological data for thermoplastic resins and compounds 
(1,2,3). The absolute viscosity as well as the viscoelastic properties can be 
evaluated by this method (2). Parallel plate plastometer measurements 
should be generally applicable to the measurement of high viscosities. The 
present paper is concerned with the extension of this method of viscosity 
determination to thermosetting, in particular to the novolac type phenol- 
formaldehyde, resins. 


PuHENoLIc Resins As NewrTonian Liquips or HicH Viscosity 


Early work by Messrs. Meharg, Welch and Miller (4) with the parallel 
plate plastometer showed that this instrument should be well adapted to 
viscosity measurements on novolac type phenol-formaldehyde resins. The 
instrument, its theory and general techniques of operation have been 
described previously (1,2). Briefly, a cylindrical test specimen is deformed 
under a constant load between two parallel plates and the plate separa- 
tion, h, is measured as a function of time. From these data, a 1/h‘ vs. 
time curve, which is equivalent to a deformation-time curve, is con- 
structed. The slope of the linear portion of this curve is inversely propor- 
tional to the viscosity. The viscosity is calculated by means of the equa- 
tion (1): 

LIBQ15E 10° We (1) 
Lf mV? , 
where 
viscosity in poises 
load in kg. 
= volume of sample in cm.? 
= slope of the 1/h‘ vs. time curve, cm.~“ sec™". 


33s 
ll 


The volume in Eq. (1) should be the volume of the sample at the test 
temperature. Since volume expansion data for phenolic resins are not 
1 Presented at the Annual Meeting of the Society of Rheology, New York, N. Y., 


November 5 and 6, 1948. 
Pash 
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generally available, the volume at room temperature was used in all cal- 
culations. This introduces a small error in the absolute viscosity figures. 

Sample preparation was found to be quite unimportant. Molded pellets 
are perhaps the best, but cylinders preformed from powdered resin were 
found to be very satisfactory. The latter is a very convenient method of 
sample preparation as it does not require melting the resin prior to testing. 

The 1/h‘ vs. time, or deformation-time, curves for novolac type phenolic 
resins are quite different from those for thermoplastic resins and com- 
pounds. These latter are characterized by deformation-time curves ini- 


A 


— EXPERIMENTAL 
---- THEORETICAL 


TIME, MINUTES 


Fig. 1. Typical 1/h4 vs. time curve for a vinyl chloride-acetate resin 
compound at 130°C. and 140°C. (2). 


tially concave to the time exis. The initial curved portion, which is a 
measure of recoverable elastic and delayed elastic deformations, is followed 
by a straight line portion whose slope is a measure of the viscosity. A 
typical example of such a curve (preheated sample) is shown in Fig. 1 for 
a vinyl chloride-acetate resin compound (2). A calculable amount of the 
total deformation is elastically recoverable. The 1/h! vs. time curves for 
novolac type phenol-formaldehyde resins are initially convex to the time 
axis and become linear, usually in less than 300 sec. A typical curve is 
shown in Fig. 2. In this case, the initial nonlinear portion is not the result 
of viscoelastic effects, but is caused by (a) lag in establishing temperature 
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Fic. 2. Typical 1/h‘ vs. time curve for a novolac type phenol-formaldehyde 
resin at 50°C. (Resin 1). 


equilibrium, and (b) inapplicability, at the start of the experiment, of 
certain assumptions made concerning the boundary conditions in deriving 
Eq. (1). The deformation is completely irrecoverable. 

By preheating the test specimen, or by raising the test temperature, to 
a point where the viscosity is below 10° poises, the 1/h‘4 vs. time curves 
become linear practically from the start. Such a curve is'shown in Fig. 3. 
Evidently, whenever the specimen is quickly deformed to a thin disk, 
temperature equilibrium, as well as the proper boundary conditions, are 
rapidly established. Preheating of phenolic resins is not recommended, 


mele out * sec"! 


aes 
17h’ ,cM V2L06 CM 


we 5 Kes, 
9 ° 3.33 xI0* POSES 


200,000 


0 100 200 300 400 500 600 700 600 
TIME, SECONDS 


Fic. 3. Typical 1/h‘ vs. time curve for a novolac type phenol-formaldehyde 
resin at 85°C. (Resin 1). 
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nor is it necessary since no rheological significance is attached to the initial 
portion of the curve, as moisture or uncombined phenol may be lost, 
thereby altering the flow properties. 

The linearity of the 1/h‘ vs. time curves (except for initial temperature 
effects) and the absence of viscoelastic effects indicates that novolac 
resins are simple Newtonian liquids of high viscosity. Indeed, Eq. (1), 
derived on the basis of Newtonian behavior, is accurately obeyed. No de- 
pendence of the viscosity on specimen volume or applied load has been ob- 
served. Thus, simple Newtonian behavior is established at the low rates of 
shear available in the parallel plate plastometer. 

To investigate the behavior of these resins at high rates of shear, volume 
rate of disecharge-pressure curves were obtained using a simple extrusion 


cM® sec” x10°* 


VOLUME RATE, OF DISCHARGE 


PRESSURE, PSI 


Fic. 4. Volume rate of discharge vs. pressure curves for a novolac type phenol- 
formaldehyde resin. Die dimensions as indicated. Viscosities calculated by Poiseuille’s 
formula (Resin 2). 


plastometer. At different driving pressures, the resin was allowed to flow 
through dies of various diameters and the volume rate of discharge was 
measured. Volume rate of discharge-pressure curves were found to be 
linear and the viscosities claculated by Poiseuille’s formula were found to 
be independent of the diameter of the extrusion dies. Typical data are 
shown in Fig. 4 with the die dimensions and the calculated viscosities indi- 
cated on the graph. Furthermore, viscosities measured by this method 
agreed very well with parallel plate viscosity measurements as shown in 
Table I. It is felt that the above experiments prove quite conclusively the 
simple Newtonina nature of novolac type phenol-formaldehyde resins. 
It is well known that the moisture content of a phenolic resin influences 
strongly the flow properties. This point was investigated in a preliminary 
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TABLE I 
Viscosity of a Novolac Type Phenol-Formaldehyde Resin 


Viscosity, poises 


Temperature Extrusion plastometer 
Parallel plate 
plastometer 
Die A Die B Die C 
LC 
70 1.310 1.2X 10° LEE S18 1.2 10° 
80 1.3X 105 1.3105 — —_ 


manner. Powdered samples of a resin were allowed to dry over CaCl, as 
well as to pick up moisture while conditioned at 100% humidity. In this 
way the moisture content was made to vary from about 0.2% to 5.0%. 
Viscosities were measured at convenient intervals. The results are shown 
in Fig. 5. The viscosity is seen to fall approximately exponentially with 
increasing moisture content. It is recommended, therefore, that measure- 
ments on different resins be carried out at comparable moisture contents. 


3 
MOISTURE CONTENT, % 


Fic. 5. Log viscosity vs. moisture content curve for a novolac type phenol- 
formaldehyde resin (Resin 1). Viscosities measured at 60°C. 
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VIscosITy-TEMPERATURE CHARACTERISTICS 


The viscosity of phenolic resins was found to be highly temperature 
sensitive. Over the range covered by the plastometer, the viscosity-temper- 
ature characteristics follow the well known exponential relation 


n= Aehint, (2) 


as illustrated by typical examples in Figs. 6 and 7. The values of E, the 
so called activation energy for viscous flow, are in the range of 50-70 
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Fig. 6. Typical log viscosity vs. 1/T curves for novolac type 
phenol-formaldehyde resins (Resins 1 and 8). 


Keal./mole for novolac type phenol-formaldehyde resins. This tempera- 
ture sensitivity is high in comparison with most thermoplastic materials. 

Measurements on a set of carefully dried resins indicated that a close 
relation exists, for these Newtonina liquids of high viscosity, between the 
softening point, as measured by the ball and ring test, and the visocity- 
temperature characteristics. The viscosity-temperature data are shown in 
Fig. 7. Table II lists the results of the ring and ball tests as well as the 
viscosities at the ring and ball temperature as read off Fig. 7. It is shown 
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Fic. 7. Log viscosity vs. 1/7’ curves for a series of carefully dried 
phenolic resins (Resins 4-10). 


quite clearly that, for these resins, the ball and ring softening point cor- 
responds to a fixed viscosity (about 8600 poises) and represents, therefore, 
a single point on the viscosity-temperature curve. 


TABLE II 
Viscosity, poises, at ring 
Ring and ball and ball softening 
Resin no. softening point temperature 
°C (from 7 as. 1/7 curves of Fig. 7) 
4 70 7,000 
5 87.2 8,000 
6 91.7 7,000 
7 95 10,000 
8 99.4 10,000 
9 104 8,000 
10 117, 10,000 


Average 8,600 


The relation proposed between ring and ball softening point and vis- 
cosity properties may be limited to materials of about the same tempera- 
ture sensitivity. Similar results have been noted by Eaton (5) on asphalts 
of known viscosity. 
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SUMMARY 


The parallel plate plastometer method of determining high viscosities 
has been extended to novolac type phenol-formaldehyde resins. The 


deformation-time behavior of these materials is contrasted with that of | 


thermoplastic vicoelastic substances. The phenolic resins are shown to be 


simple Newtonian liquids of high viscosity even at high rates of shear. No | 
complicating elastic effects have been observed. The viscosities of these | 
resins are highly temperature sensitive with an activation energy of | 


viscous flow in the 50-70 Kceal./mole range. 
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INTRODUCTION 


Methods for measurement of the flow properties of starch pastes are 
numerous. Testing instruments range from extremely simple funnel-type 
“viscometers” to specially constructed devices designed to form the 
starch paste and measure the flow properties simultaneously. There is 
considerable need for a sound method of testing and specifying the physi- 
cal properties of starches by both the starch-producing and -consuming 
industries. The problems associated with this measurement are not only 
those of instrumentation, however, for the process by which starch is 
brought from a dry powder to a usable paste involves a complicated series 
of colloidal changes. 

This article is concerned with a study of the controlled pasting of starch 
and an examination of the flow properties of the starch pastes by means of 
several instruments. The objectives of the experiments were (a) determi- 
nation of differences in the flow properties of pastes made with corn 
starches from different manufacturers, (b) correlation of the data obtained, 
using different instruments, with the fluidity ratings of the manufacturers, 
and (c) analysis of the rheological properties of the starch pastes. 

For these purposes, commercial starches of the types supplied to 
industry were obtained. Measurements were made on the Corn Industries 
viscometer (23) and the modified Stormer viscometer (13,24) described in 
previous papers. The results show that the differences between starches 
can be determined systematically, and are satisfactorily reproducible, and 
that the data can be computed and expressed in rational units. It is not 
suggested that data of the type obtainable by these methods do more than 
indicate the physical properties of the pastes, however, because different 


1 Presented at the Annual Meeting of the Society of Rheology, New York, N. Y., 
November 5 and 6, 1948. 
2 Fellow of the Corn Industries Research Foundation. 
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starch-modification procedures presumably could lead to comparable 
rheological properties. 

Before proceeding to the experimental work, descriptions of the com- 
mercial forms of starch and a brief review of prior work on starch-paste 
measurements will be given. 


Commercial Forms of Starch 


Pearl, powdered, lump, and crystal are the forms in which starch is 
marketed (17). The pearl form is starch in the form of small grits or pellets; 
it is starch which has been dried but not ground. There is widespread mis- 
use of the term “pearl” starch to indicate an unmodified or native starch. 
Since not only unmodified but also modified starches are marketed in all 
forms, the term “pearl” should not be used to designate only an unmodi- 
fied starch. The powdered form is starch which has been ground and then 
bolted through a cloth of about 100-mesh. Crystal starch is prepared by 
filtering the starch with suction in porous boxes lined with filter cloth, 
after which it is dried in kilns, while lump starch is made by pressing starch 
into a cylinder after which it is dried slowly and broken into pieces. 

Much of the starch used by the textile, paper, adhesives, and laundering 
industries has been modified to provide a series of grades which vary in 
time of pasting, viscosity of the cooked paste, and film-forming properties. 
The common methods of modifying starch are the following: acid modi- 
fication, in which the starch suspended in water is treated at a moderate 
temperature with a mineral acid; oxidation, in which an aqueous suspen- 
sion of starch is treated with an oxidizing agent such as sodium hypo- 
chlorite; dextrinization, in which normally dry starch is heated with acid; 
the British gum process, in which dry starch is treated with heat alone or 
with the addition of a small amount of mineral acid. Descriptions of these 
processes are given by Kerr (21,22) and by Radley (29). 

Some confusion apparently arises from the term “gum” which is 
assumed generally to designate a British gum and to be a highly modified 
product. Actually, British gums are made in many degrees of modification, 
and in their paste properties some of them resemble acid-modified starches 
of low degree of modification. On the other hand, certain highly oxidized 
starches used in the paper industry are also termed gums, although the 
process of manufacture is entierly different from that of British gums. | 
These trade designations emphasize the need for specification in terms of 
the physical properties of the pastes. 

Ratings usually refer to some property associated with viscosity, such 
as ““thin-” or “‘thick-boiling,” or are expressed as “fluidity,’”’ in numerical 
terms ranging usually from 10 to 90. Fluidity ratings often refer to the 
alkaline fluidity test (8,28), but various manufacturers have so altered the 
test procedures that, while fluidity values are consistent for a given manu- 
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facturer’s products, they will vary from one manufacturer to another. 
Sometimes fluidity ratings refer to the volume of cooked starch paste 
which flows from an efflux viscometer in a standard time. As a conse- 
quence, the numerical values merely indicate differences within a series; 
they cannot be considered to have any absolute significance. 


Viscometric Measurements of Starch Pastes 


The purposes of routine tests of consistency in the starch-producing 
industry are (a) control of the reaction during chemical modification so 
that uniform products may be obtained, and (b) a final test of quality of 
the finsihed product. Since the changes occurring during processing take 
place continuously, it is necessary to stop the reaction quickly by neu- 
tralization of the slurry when: the desired degree of modification has been 
obtained. It is necessary, therefore, that the test method be rapid, and the 
time from sampling to completion of the test should be less than 30 
minutes. 

The starch-consuming industries require a method of grading which 
provides a reliable index to the physical properties of the starch pastes. 
This is necessary to establish suitable limits for formulation and appli- 
cation, not only for control of a given operation, but also to assist in 
selection of alternative products. 

For industrial testing, it is necessary to prepare the starch pastes in a 
uniform manner. The factors which must be controlled in preparing a 
starch paste are as follows: (a) the initial temperature of the water used to 
form the slurries should not vary greatly; (b) the rate of increase of temp- 
erature of the starch suspension should be the same in all tests; (c) the high- 
est temperature at which the paste is cooked should not vary more than a 
few tenths of a degree Centigrade from one test to the next; (d) the rate of 
stirring should be duplicated; (e) the entire volume of paste should be 
heated uniformly; (f) the total elapsed time from the start of cooking to 
sampling for a rheological measurement should be duplicated; (g) evapor- 
ation of water should be prevented or compensated by replacement. 

Interest in the pasting properties of starches and their rheological 
properties has been shown for many years. An extended series of measure- 
ments on 3% pastes has been reported by Richardson and Waite (31) 
using capillary viscometers at a constant shearing stress of 100 dynes/cm.? 
The rate of shear was, accordingly, variable. Despite this limitation the 
rise in viscosity with gelatinization and the subsequent decrease in vis- 
cosity as the paste was agitated were clearly shown. Farrow, Lowe and 
Neale (11) recognized the importance of studying starch pastes at known 
rates of shear so that apparent viscosity could be expressed at given rates 
of shear in terms of the constants of a simple equation, independent of the 
kind of viscometer and its dimensions. They were able to obtain approxi- 
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mate correlation, over a limited range of shear rates, of viscosity measure- 
ments made in capillary viscometers of various dimensions and in a 
Couette type viscometer. 

Caesar and Moore (9) devised an instrument which provided a graphi- | 
cal record of the changes occurring during a pasting process. In this in- | 
strument, the torque variation during stirring was measured by means of | 
a recording wattmeter, and the curves so obtained indicated the change in | 
viscosity with gelatinization, continued cooking, and cooling. These in- | 
vestigators concluded that modification of the starch was clearly evident. | 
from the shape of the curve, because each starch exhibited characteristic | 
pasting properties. Tapioca, corn, potato, and wheat starches were | 
studied in these tests, and a concentration of 20% was found most suitable 
for the instrument. This method is of considerable interest, but the con- | 
centration limit is somewhat high, and it is insufficiently sensitive at 
lower viscosities. | 

A rotating cylinder viscometer has been described by Barham, Wagoner | 
and Reed (3). This instrument also provides readings during the cooking | 
process. Measurements were made on potato, tapioca, corn, and kafir 
starches, and the shape of the curves was found characteristic for the | 
different starches. Additional work by the same investigators (4), on | 
potato and sweet potato starch, showed that varietal and environmental | 
influences affected the viscosity, gelatinization temperature, and granule 
size. 
A recent paper, by Higginbotham (18), contains a description of an | 
instrument for recording the consistency of starch pastes by means of a | 
mechanical dynamometer. Data are obtained during the cooking process. | 
Sago, tapioca, farina, and corn starches of both unmodified and treated 
types were studied. The experimental results quite clearly distinguish | 
between the pasting characteristics of the different products. Higgin- | 
botham preferred a pasting temperature of 99°C. for the reason that some 
starches, particularly unmodified corn and wheat, are said to gelatinize 
slowly and incompletely at 90°C., although the higher temperature is not 
comparable with mill conditions. 

Anker and Geddes (1) and Meiss, Treadway and Smith (26) have used 
the Brabender ‘‘Amylograph”’ to study the effect of a number of variables 
on the pasting process. | 

The more commonly used industrial viscometers cannot be used in 
starch paste studies without considerable uncertainty in the validity of 
the measurements. For many years orifice or efflux viscometers have been 
used; of these the Scott (25) and the fluidity funnel (8,28) are typical. For 
rapid determinations on pastes of low viscosity, pipettes such as the 
Dudley (2) are sometimes used. Capillary viscometers are frequently 
employed in research (but not industrial) methods. By applying pressure 
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to the capillary, as in the methods of Richardson and Waite (31), and 
Brimhall and Hixon (7), the range of the capillary viscometer is extended 
to practical starch concentrations. The falling-ball viscometer is incon- 
venient and time consuming to use, and the results are not reproducible 
with sufficient precision (28). These instruments are inadequate, however, 
because a single flow time on a sample does not adequately characterize 
the rheological properties of a given starch paste. 

Commercial rotational viscometers of the MacMichael and Stormer 
types need modification before they become suitable for starch paste 
measurements. Lack of proper temperature control is one of the more 
serious deficiencies of these instruments. Moreover, as they are usually 
operated, the great advantages of the rotating cylinder viscometer are not 
realized. Suitable modification of the Stormer viscometer has been de- 
scribed by Fischer and Lindsley (13,24). 

The instrument developed by Kesler and Bechtel (23) overcomes the 
limitations of previous instruments in providing a continuous record of 
the change in consistency of the paste during the cooking process. This 
instrument, designated the Corn Industries viscometer, is described in 
detail below. 


Viscometric Units 


Starch pastes generally exhibit pseudoplastic flow properties, .e., the 
rate of flow increases faster than the shearing stress (12). For comparison 
of different materials, it is necessary to specify the rate of shear, and the 
viscometric designation then becomes ‘“‘apparent viscosity” (na). There 
has been little attempt in either the starch or textile industries to specify 
starch viscosities in absolute units for the reason that the instruments 
usually employed measure flow under extremely complex conditions. 
Thus, it is necessary to maintain agitation during pasting which is suffi- 
cient to keep the starch in suspension but not so vigorous as to promote 
mechanical disintegration of the starch granules. Instruments designed 
for the purpose of measuring changes in viscosity during pasting have been 
noted above; some investigators prefer to specify the change in flow prop- 
erties in terms of torque (g.-cm.) for the instrument used. Calibration to 
provide data in poises is given by Barham et al. (3) and Kesler and Bechtel 
(23). 

Some objection may be raised to the specification of apparent viscosi- 
ties in absolute units, since this term has become associated with unknown 
rates of shear and is, accordingly, useful only with a given instrument. 
When apparent viscosities are given in terms of known rates of shear, then 
this objection presumably would be overruled. Apparent viscosity is 
essentially a shear dependent viscosity and is established by the ratio of 
shearing stress to rate of shear. The use of data for na has the advantage 
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that a comparison of starches under comparable conditions, independent 
of the instrument, may be made. This point has been discussed by Fischer 
and Lindsley (12,13). 

The term viscosity is used in this paper for convenience, but it should be 
understood that the meaning is qualified. Alternatively, the term consis- 


tency appears to be acceptable. 


EXPERIMENTAL PROCEDURES 


Since the purpose of these experiments was a comparison of different 
types of starches and a study of the flow properties of the pastes made 
from them, measurements were made by means of the Corn Industries 
viscometer and the modified Stormer viscometer. The former instrument 
provided a controlled and reproducible method for pasting as well as a 
record of the change in consistency as cooking progressed. The Stormer 
viscometer supplemented the Corn Industries viscometer by allowing 
measurements at higher rates of shear and by providing a complete flow 


SANG 


Fig. 1. Sectional drawing of Corn Industries viscometer. Legend: 1. recorder and 
dynamometer (dynamometer not shown); 2. cable from viscometer to recorder: 3. cable 
drum; 4, 5, 6, 7, gears of sun and planet differential; 8. worm, turned by synchronaae | 
motor (not shown); 9. worm gear; 10. spring pins for holding center shaft: 11. coupling to | 
attach stirrer; 12. condenser cover ; 13. water bath; 14. baffle to manta water level; | 
16. overflow ; 16. drain cock; 17. starch beaker ; 18. electric heater (1000 watts, therm 
statically controlled); 19. scraper blades; 20. propeller. "4 
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curve of rate of shear vs. shearing stress. Procedures adopted for the tests 
are given below. 


Corn Industries Viscometer 


The characteristic features of this instrument have been noted above 
(23). A diagram of the construction is given in Fig. 1. The instrument con- 
sists of a vessel 17 immersed in a water bath 13. The starch paste is stirred 
by an agitator which consists of two parts: a scraper /9 and a propeller 20. 
The propeller is driven at a constant speed of 60 r.p.m. by a synchronous 
motor through a sun and planet. differential. The torque on the propeller 
is transmitted through the differential to drum 3 which is attached by the 
cable 2 to a dynamometer (not shown) built into the recorder 1. A record 
of the torque on the propeller is obtained continuously from the start of 
the test. 

The starch pastes were prepared by stirring the starch into water at 
room temperature to give a total of 1000 g. The stirrer was started, the 
slurry was then poured quickly into the metal beaker immersed in the 
heating jacket at 90-92°C. and the recording mechanism started. The proc- 
ess of pasting then continued without further attention. The instrument 
had previously been calibrated and the viscosity calculated from the data 
for torque by means of the empirical relation: n. (poises) = torque 
(g._cm.)/35. Measurements can be duplicated with a precision of + 2%. 


Modified Stormer Viscometer 


The procedure for using the Stormer viscometer, modified to operate 
with concentric cylinders, has been described (12,13). For the purposes of 
these tests, the bob was made of a laminated plastic material to reduce the 
conduction of heat from the hot starch pastes to the bearing assembly on 
the viscometer to a negligible amount. The dimensions of the cylindrical 
units used are as follows: 


Capra ee ik, CA oh. Meee 1.746 cm. 
Bob raciue test eh are SP ae 1.565 cm. 


Most of the measurements were made at 90°C. + 1°, close to the pasting 
temperature of 90-92°C. For comparison with the Corn Industries visco- 
meter, 8-10 readings were made at low rates of shear (to 50 r.p.m. or 45 
sec.-!). Other measurements were made to 400 r.p.m. (360 sec™'). The 
pastes prepared in the Corn Industries viscometer were used directly. A 
second method of pasting was based on the use of a double boiler of 1 1. 
paste capacity, equipped with a high-speed impeller agitator. The cooking 
temperature was 90-92°C., and was timed from the onset of gelatinization. 

Computation of apparent viscosities (na) from these data was made 
from the curve of torque vs. rate of shear, by the tangent method (12). The 
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viscometer constant for the conversion of instrument data to poises was 

corrected for end-effect, as described in a previous paper (24). Below 1 

poise, it was necessary to use a series of constants for unit changes in 

viscosity. This was done by computing a separate constant for each 0.1 

poise difference. The data for 72 are estimated to be accurate within 

+ 10%. 
Alkaline Fluidity Test (8) 


Five g. of starch are stirred to a slurry with 10.00 ml. of distilled water 
in a 250 ml. Erlenmeyer flask. Then 90 ml. of 1.0% NaOH solution at 75°F. 
are added, with stirring. Stirring is continued for 3 min., after which the 
flask is placed in a water bath maintained at 75°F. for 30 min. The fluidity 
funnel is also kept in the water bath. It is removed and allowed to drain 
for 3 min. before the test, but is not otherwise dried. 

At the end of this time, the contents of the flask are poured into the 
fluidity funnel so that the stem is completely filled and free from air 
bubbles. A graduated cylinder of 100 ml. capacity is placed under the 


TABLE I 
General Data on Starch Samples 
Sample no.¢ Description Moisture pH 
ial per cent 
F-3 Corn, 80 fluidity 12:5 4.4 
H-9E Corn, 70 fluidity 13.4 6.1 
G-2 Corn, 60 fluidity 12.3 5.9 
C-6 Corn, 60 fluidity 12:5 5.1 
D-4 Corn, 55 fluidity 12.4 5.2 
H-9B Corn, 50 fluidity 14.0 5.6 
I-10B Corn, 50 fluidity 13.1 5.7 
C-5 Corn, 40 fluidity 12:2 6.1 
A-8 Corn, 40 fluidity 12:2 5.0 
H-9D Corn, 20 fluidity 12.7 6.2 
1-10A Corn, 20 fluidity 13.0 7.0 
C-11 Corn, low modification British gum 10.5 5.3 
E-1 Wheat, thin-boiling 12.4 5.9 
E-20 Wheat, unmodified 11.8 5.0 
D-21 Milo sorghum 11.9 4.6 
K-23 Potato, white, Dutch 13.2 5.4 
J-18 Potato, unmodified, Idaho 16.4 5.3 
1-24 Sweet potato 11.7 6.3 
C-22 Tapioca, high-grade Sando 11.1 6.1 
F-19 Rice, unmodified 11.6 3.5 


* Letters refer to code identifying different manufacturers. 
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stem of the funnel and the starch paste allowed to flow. The volume of 
paste which flows in 70 seconds is the alkaline fluidity (also called “alkali 
fluidity” or ‘‘tip” test). 

Two forms of funnel are in use. These are described by Morgan and 
Vaughn (28) and Buel (8). The original type of funnel is an ordinary 60° 
glass funnel of 4 in. top diameter. The stem is shortened to a few cm. 
Attached to it by a piece of rubber tubing is a special tip, made by heating 
a glass tube to make a narrow orifice. Total length of funnel stem and tip 
is about 3 in. One hundred ten ml. of water are poured into the funnel, 
and when 100 ml. of water flow from the orifice in 70 seconds, the funnel 
is considered satisfactory. 


Starch Samples 


The starches were commercial samples. They were used without treat- 
ment of any kind. 

Moisture determinations were made by heating in a vacuum oven at 
110°C. for 16-20 hr. The pH values were made on slurries containing 2 g. 
of starch in 18 ml. of distilled water by means of a glass-electrode poten- 
tiometer. Pertinent data are assembled in Table I. 


EXPERIMENTAL RESULTS AND DIscussION 
Pasting Characteristics 


In Fig. 2, torque vs. time curves for a series of starches during pasting 
are given. These curves were plotted directly from data obtained on the 
Corn Industries viscometer. In the first part of the pasting cycle, as the 
temperature rises, the starch slurry approaches gelatinization; a maximum 
in the curve is reached, and, as pasting continues, there is first a rapid fall 
in torque (resistance to stirring) followed by a leveling off of the curve. At 
60 minutes, the spacing of the curves is fairly characteristic for the differ- 
ent types of modified starches, except for curve I-10A, which will be dis- 
cussed later. From the entire curve it is possible to infer the following: 
(a) extent of modification of starches during or after chemical treatment; 
(b) quality of a production batch of starch of any grade; (c) information 
about the nature of an unknown starch, since different starches produce 
viscosity curves of characteristic form. From the time required for the 
initial viscosity rise, and the time taken to reach the maximum viscosity, 
information is obtained regarding the ease and extent of granule swelling. 
The extent of lowering of viscosity on continued cooking for an arbitrary 
time indicates the resistance of the starch to the effects of heat and agita- 
tion. 

Computed values for apparent viscosity are presented in Tables II and 
III. For the series of acid-modified corn starches the range was 1.1 to 28 
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Fig. 2. Change in consistency of starch pastes during cooking. (Corn Industries 
viscometer; 10% paste concentration. See Table I for identification of starch samples.) | 


TABLE II 


Comparison of Apparent Viscosities of Starch Pastes Measured on Corn Industries 
and Modified Stormer Viscometers 


(All pastes 10% dry basis; 90-92°C. cooking temperature; 1 hr.) 


na Modified stormer viscometer (poises) 
sre micas Rate of shear te 
3.6 (sec.~) 18 (sec.~) 
¢ poses 
10A 28. 24. 9.7 20 
11 13. Wale 5.1 -- 
10B 9.7 13. = 50 
9D 8.1 9.7 4.2 20 
3 8.0 6.2 4.1 80 
5 5.7 7.0 2.9 40 
8 4.4 5.2 2.8 40 
4 1.2 2.8 1.6 55 
9B itil — 1.4 50 
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TABLE III 
Apparent Viscosities of Different Starches 


(Corn Industries viscometer; 5% concentration; cooking time 1 hr.) 


Starch no. Type “eerie 
poises 
20 Wheat 0.45 
19 Rice 1.9 
7/ Corn 3.3 
21 Milo sorghum 4.0 
22 Tapioca 5.7 
24 Sweet potato 8.1 
23 Potato 9.1 
18 Potato 15.0 


poises for 10% pastes cooked for 1 hr. The commercial range of corn 
starches includes more highly modified types which have a viscosity as 
low as 0.2 poise after 0.5 hr. of cooking. Measurements on the modified 
Stormer viscometer on the same pastes are also presented in Table II; 
comparison of the two sets of data is discussed later. Under certain condi- 
tions of cooking, some starches exhibit a secondary rise in the viscosity- 
cooking time curve, yielding a second maximum, after which the viscosity 
falls in the normal manner. Such a curve is shown in Fig. 2, Curve 1-10A. 
The full significance of this observation has not been established. 


° 100 200 


300 400 500 600 
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Fig. 3. Flow curves obtained after different periods of cooking. (Low acid 
modification starch; pasted in double boiler; 9% paste concentration.) 


The flow curves obtained with the modified Stormer viscometer on a 
corn starch after different periods of cooking are shown in Fig. 3. 

The significance of these rheological changes can be correlated with 
colloidal changes in the starch granule. When a water suspension of starch 
is heated, no changes are observed in the appearance of the granules until 
certain critical temperatures are reached. At temperatures which are 
characteristic of individual starch varieties and chemical modifications, 
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the granules begin to swell, the birefringent crosses which are observable 
under a polarizing microscope disappear (14,33), the suspension becomes 
translucent (27,32), and the viscosity begins to increase rapidly. These 
changes are caused by rapid hydration of the starch; the process, called 
gelatinization, is irreversible. Since the temperature range within which 
gelatinization occurs is characteristic of each kind of starch if conditions of 
cooking are uniformly controlled, it is frequently used as a means of 
identifying starches (14). 

Katz (19,20) and others have observed that the granules continue to 
swell during the period of viscosity increase and that, at the maximum 
viscosity, swelling has likewise reached a maximum. The lowering of visco- 
sity on continued cooking is attributed to the gradual leaching of soluble 
matter from the granules, with consequent granule shrinkage, to increased 
ease of deformation of the tender, swollen granules, and to granule disinte- 
gration. The relative importance of these processes in any particular case 
depends on the source of the starch and the process of manufacture, as 
well as on a number of other factors. Potato starch granules and those of 
highly modified starches of all kinds are easily ruptured, while native or 
unmodified corn starch granules are strongly resistant, even at high tem- 
perature and with vigorous agitation. Important among the factors which 
affect the rate of viscosity drop are the rate at which the starch suspension 
was heated, the final paste temperature, pH, and concentration. These 
factors have recently been studied by Bechtel (5). 

Although a paste may show no detail under a microscope, it is certain 
that it is not completely dispersed into units of molecular dimensions, for 
it can be shown that, when such a paste is subjected to violent agitation, 
the viscosity is further lowered. Starch paste viscosity is, therefore, due to 
the presence of swollen granules, granule fragments, and colloidal 
particles. 

A study of starch pastes, made by Gallay (15), and by Gallay and Bell 
(16), shows that acid-modified starches have lower viscosity than un- 
modified starch of the same natural variety because the granules are so 
altered during the chemical modifying process that they have greatly 
lessened swelling power and are brittle and much less resistant to disinte- 
gration. Sjostrom (35) has made an extensive study of the pasting process 
with similar findings. 

A question of importance is whether the pasting process is accompanied 
by chemical degradation of the starch, especially on long cooking. Several 
methods have been developed for determining the extent of chemical 
degradation of starches caused by any chemical or physical treatment. 
Among these are the alkali number of Schoch and Jensen (34), the copper 
reduction number of Richardson, Higginbotham and Farrow (30), the 
modification of this procedure by Farley and Hixon (10), and the 
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determination of viscosity. All of these methods have been employed 
frequently. As shown by Schoch and Jensen, the alkali number of commer- 
cial unmodified corn starch samples varies between 9.8 and 12.1. When 
such a starch was autoclaved for 4 hr. at 19 lb. steam pressure (125°C.), 
it was found that, between pH 5.9 and 6.3, no increase in alkali number 
occurred, indicating that inappreciable chemical degradation had taken 
place. From pH 5.0 to 5.9, the increase in alkali number was small. 
Below 5.0 and above 6.3, the rate of degradation increased. From these 
results, it seems that corn starch can be cooked at the boiling point for a 
considerably longer period than 4 hr. in the normal pH range for this 
starch, without chemical degradation. 


Agitation 
There is interest in whether or not variation in agitation rate during 
pasting results in different flow properties. The evidence from the experi- 
ments performed thus far is that the rate of pasting is the variable chiefly 
affected, provided that starch concentration and temperature are held 
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Fic. 4. Flow curves obtained with different cooking procedures, illustrating effect 
of agitation on rate of pasting. (Starch 1; 10% concentration.) 


constant for a given starch. The rate of pasting in the double boiler was 
approximately double that of the Corn Industries viscometer. By chance, 
in one experiment, samples were taken from the two pasting vessels at the 
same point of breakdown; the curves are reproduced in Fig. 4. A cooking 
period of 0.5 hr. in the double boiler (closed circles) corresponded with 
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1.25 hr. in the Corn Industries viscometer (open circles). No difference is 


distinguishable. 


Rate of Shear 


Although the effect of rate of shear on the flow properties of pseudo- 
plastic materials is fairly well known, measurements are frequently made 
in which no attempt is made either to obtain data at a constant rate of 
shear or to ascertain the magnitude of the rate of shear. Consequently, 
many measurements are of virtually no significance. 

In a coaxial cylindrical viscometer the rate of shear may be readily 
computed from the dimensions of the cup and bob, the clearance, and the 
rate of rotation. Convenient methods for this computation have been 
discussed by Fischer and Lindsley (12,13). In the Corn Industries viscom- 
eter the rate of shear cannot be computed, but that it was reasonably 
constant appeared, at the start of this work, to be an acceptable assump- 
tion. An effective rate of shear for this instrument was estimated by com- 
paring values for apparent viscosity with those computed at different rates 
of shear from the Stormer viscometer data on the same starch pastes. In 
the data of Table II it will be seen that a rate of shear of 3.6 sec.—! brings 
the Stormer data into fair alignment with the values from the Corn Indus- | 
tries viscometer. Considering the difference in the two types of instruments | 
and the methods of operation, it is remarkable that the data are as close as _ | 
observed. The construction of the stirrer and scraping blades appears to be 
such that effective turnover of the paste is accomplished along with good | 


heat transfer and avoidance of turbulence. 


The effect of rate of shear on computed values of apparent viscosity 
is shown in Table IV. In the range of 18 to 300 sec. a considerable de- | 


(Stormer viscometer measurements; 7. values in poises; temperature 90-92°C.) 


TABLE IV 
Effect of Rate of Shear on Apparent Viscosities of Starch Pastes 


Conc. 5% rate of shear (sec.~) 


Starch No. 
18 50 100 300 
Corn (unmodified) 17 | 0.40 | 0.88 | 0.35 | 0.29 
Corn (acid modified) 9D 
Corn (acid modified) 5 = = = = 
Potato (Idaho) 18 | 1.1 | 0.79 | 0.67 | 0.44 
Rice 19 | 0.45 | 0.82 | 0.26 | 0.26 
Sweet potato 24 | 0.83 | 0.63 | 0.46 | 0.34 
Potato (Dutch) 23 | 0.57 | 0.42 | 0.26 | 0.25 
Tapioca 22 | 0.93 | 0.63 | 0.45 | 0.29 
Milo sorghum 21 0.90 | 0.49 | 0.36 | 0.22 
Wheat 20 | 0.31 | 0.31 | 0.28 | 0.28 


Cone. 10% rate of shear (sec.~1) 


18 50 100 300 
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crease in the apparent viscosities of most of the samples will be observed. 
Corn and wheat unmodified starches exhibit a somewhat smaller change 
than potato and acid-modified corn starches. This observation accords 
with other criteria for the resistance of the granules to pasting. From the 
comparisons which have been made thus far in this work, the change of 
apparent viscosity with rate of shear would appear to be a useful supple- 
mentary means for characterizing starch properties. 


Change in Apparent Viscosity with Concentration 


When the concentration of starch is increased, certain changes become 
evident from the curves of apparent viscosity vs. time of cooking. Each 
increment in concentration results in a greater increase in apparent viscos- 
ity than its preceding. As the starch concentration is increased the follow- 
ing changes have been noted: (a) the initial rise, associated with gelatini- 
zation, occurs at successively lower temperatures; (b) the rate of rise of 
the curve is more rapid; (c) the maximum in the curve occurs at lower 
temperatures; (d) the decrease in apparent viscosity on continued cooking 
is more rapid. Although the magnitude of the change depends on the 
starch variety and the treatment to which it has been subjected, data 
typical of acid-modified starches are given in Table V. These results can 


TABLE V 
Change in Apparent Viscosity of Starch Pastes with Concentration 


(Acid modified corn starch; Corn Industries viscometer.) 


Concentration Temp. initial rise CREAN Maximum 7 na at 30 min. 
per cent XG °C: poises poises 
uf 73.3 86.0 2.8 Wee 
8 70.8 84.0 5.9 3.3 
9 69.0 80.7 10. 5.1 
10 68.0 78.3 ve 7.9 
11 67.6 76.0 27. 11 
12 67.3 74.5 39 14 
13 67.0 73.0 52 17 


be ascribed to the increased number of granules which are present to ab- 
sorb water and swell, presenting internal resistance to shear. 


Alkaline Fluidity Tests 


It has been mentioned that fluidity ratings given by different manu- 
facturers may be based on different test procedures. The values given by 
each manufacturer are consistent for his own products, but may not agree 
with those of other starch producers. This lack of agreement is evident in 
Table II, where the manufacturers’ fluidity ratings are given with the 
results of tests of cooked paste made in the two instruments. When the 
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alkaline fluidity test is used it is found that there is good agreement be- 
tween the results of this test and the consistency of the cooked starch 
paste, provided the starches compared are of the same natural variety and 
modified by the same process. 

To determine the relationship between alkaline fluidity values, ob- 
tained by a standardized procedure, and the consistency of cooked pastes 
of acid-modified corn starches, alkaline fluidity tests were made by the 
method of Buel (8). These values were compared with the consistnecy of 
the starches after 1 hr. cooking under uniform conditions in the Corn 
Industries viscometer. It is shown in Table VI that as the alkaline fluidity 
of these starches increases the consistency decreases. Similar relationships 
have been found between alkali fluidity and consistency of hot starch 
pastes after other times of cooking as well. Alkaline fluidity values for 
other starches do not accord with the data in Table VI. For example, for a 


TABLE VI 
Comparison of Alkaline Fluidity Values and Apparent Viscosity of Starch Pastes 


(Acid modified corn starches 10% dry basis; fluidity values by method of Buel (8); 
rheological data with Corn Industries viscometer.) 


Alkaline Apparent 
fluidity value viscosity 
poises 
8 28. 
16 8.0 
20 7.6 
23 5.8 
31 4.4 
51 0.94 
53 0.94 
53 0.77 
54 1.2 


British gum (sample 11) the alkaline fluidity is 21 and the apparent viscos- 
ity 13.1 poises; for a wheat starch, the comparable figures are 55 and 0.51 
poise. 

It is recognized in the industry that the alkaline fluidity test is of 
limited rheological significance. Nevertheless, acid-modified corn starches 
give volumes of flow that are roughly proportional to the volumes ob- 
tained when these starches are cooked with water and tested. Although 
this test is also used sometimes for oxidized corn starches and for starches 
of varieties other than corn, there is in these cases no proportionality 


between alkaline fluidity and hot-paste fluidity. Here the test is made an 
arbitrary standard. 


Plasticity of Starch Pastes 


In a previous paper (12) the possibility for plastic flow (6) and thixot- 
ropy in methyl cellulose solutions and starch pastes was discussed. The 


STARCH PASTE VISCOSITY 281 


most commonly observed flow curve for starch pastes is of the pseudo- 
plastic type, in which the resistance to shear decreases continuously as the 
rate of shear increases. No clear evidence has been obtained from these 
experiments that starch pastes are plastic when maintained at pasting 
temperatures, and pastes which can be cooled to room temperature with- 
out gelling continue to show pseudoplastic flow. If other factors are intro- 
duced (e.g., greatly increased starch concentration, gelation, or com- 
pounding with other ingredients), then plastic flow and thixotropy may 
become evident. 


SUMMARY 


1. Measurement of the flow properties of starch pastes with the pre- 
cision and accuracy required for industrial purposes is feasible. The 
methods described utilize the Corn Industries viscometer and a modified 
Stormer viscometer. The former provides a continuous record of the 
change in flow properties during pasting at a controlled cooking tempera- 
ture; the latter supplements the data obtained during pasting with a rate 
of shear-shearing stress curve from which the apparent viscosity, ex- 
pressed in poises, can be computed at any given rate of shear. 

2. Rheological data on a variety of commercial starches were obtained. 
The effect of rate of shear, concentration of the starch, and other factors 
are discussed. In all cases a curve typical of pseudoplastic flow was ob- 
tained. 

3. Continuous decrease in apparent viscosity occurs during the pasting 
process with the greatest change in the first hour; for many starches a 
fairly level viscosity is obtained after one hour cooking at 90—-92°C. 
Vigorous agitation, in contrast to that obtained with low-speed sweep 
agitators, produces a more rapid decrease in viscosity, but differences in 
agitation apparently do not alter the nature of the pasting process. 

4. The effect of rate of shear on the computed values for apparent 
viscosity is great. Satisfactory measurements can be made only when the 
rate of shear is constant or when the magnitude can be determined and 
specified. The measuring methods described are reproducible and char- 
acterize the starches with respect both.to rate of pasting and the flow 
properties of a given paste at different rates of shear. Industrial measure- 
ments can be made more precise by these means, and discrepancies in 
standardization and grading can be largely eliminated. 
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INTRODUCTION 


The experimental evaluation of the rheological properties of thixo- 
tropic systems has never been carried out in a completely satisfactory 
manner. The reasons for this become apparent if the fundamental nature 
of the problem is considered. 

Thixotropic suspensions are, in general, non-Newtonian. At a given 
stage in the sol-gel transformation, the flow properties are not describable 
by a single number such as the coefficient of viscosity. The whole flow 
curve must be specified—.e., the function D(S) where D is the velocity 
gradient (or rate of shear) and S is the shearing stress. A complete speci- 
fication of the rheological properties of a thixotropic system should start 
with the specification of D(S) for every stage in the sol-gel transformation. 
If we assume (as the simplest case) that the degree of gel structure can be 
adequately represented by the value of a single parameter o° which goes 
from a minimum value in the completely agitated sol to a maximum value 
in the completely set gel, then the problem is to specify the flow curve 
D(S) for every value of c. 

This, however, is only a beginning. A complete specification of the 
rheological properties must also entail knowledge of how the structure 
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from any which are formed during the slower gelation without agitation. However, for a 
suspension of definite age, studied by the methods described in this paper, the assumption 
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(or o) changes with time under various conditions—first of all, while 
standing quietly, and also while undergoing various degrees of agitation. 
The difficulties as encountered in such an investigation are of two main 


types: 


1. Those associated with the non-Newtonian character of the suspen- 
sion at any given stage of gelation, and 

2. Those associated with the fact that the structure changes with time, 
in particular, that the act of measurement may affect the structure being 
measured. 


The first type of difficulty is common to all non-Newtonian fluids, 
whether they exhibit thixotropy or not, and sharply restricts the latitude 
in the geometry of the measuring instrument. For simple interpretation of 
data, the shearing stress should be as uniform as possible throughout the 
instrument. In practice, this indicates the use of concentric cylinders 
rotating relative to each other. While, in principle, it is possible to deter- 
mine D(S) relationships for non-Newtonian fluids using instruments in 
which this requirement is not met (e.g., capillary tubes), in the case of 
thixotropic suspensions this leads to an impracticable compounding of 
difficulties. While useful qualitative information concerning thixotropic 
gelation has been obtained by such methods as the inverted tube tech- 
nique, capillary tubes, etc., they can hardly be considered as quantitative 
and fundamental from the rheological standpoint. 

The various experimental methods which will be considered here differ 
primarily in the approach to the second type of ‘‘difficulty”’ above—.e., 
to the fundamental problem of thixotropic gelation and breakdown. The 
method chosen for this investigation is closely modeled after that of 
Pryce-Jones (10), who developed an instrument which he called a ‘“‘tor- 
sional pendulum thixotrometer.’”’ This apparatus consists of a stationary 
container and an inner bob suspended from a torsion-head marked off in 
degrees. A sample of the thixotropic material is agitated “thoroughly” 
outside the instrument, then poured into the chamber. After standing for 
a known length of time, the torsion head is quickly turned through a 
definite angle. The progress of the suspended cylinder is observed by 
means of a light beam reflected from a mirror at the bottom of the wire. 
Both cylinders and paddles have been used as bobs. Pryce-Jones also used 
a modification which he called an electromagnetic thixotrometer. In it, the 
torsion was introduced by a magnet suspended on the wire, in a control- 
lable magnetic field, instead of by rotation of a torsion head. The data 
obtained from torsion pendulum thixotrometers are, in practice, plotted 
as scale reading vs. time; a series of curves are plotted on the same sheet to 
show the effect of setting time. Gamble used such curves to correlate the 
thixotropy of paint with other properties, such as leveling, brushability, 
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settling, etc. He points out that, to predict the properties of a paint, the 
whole series of curves must be known. Neither the viscosity immediately 
after agitation nor the consistency after long standing will alone define the 
rheological properties of the system, or even allow empirical predictions 
to be made. This general method is very well suited to the study of the 
undisturbed gelation process; it tells nothing about the rate of breakdown 
under agitation. The validity of the method is based upon two assump- 
tions: 


(1) By “thorough” agitation, it is possible to “iron out” effects of 
recent mechanical history and return the system to a reproducible starting 
point. 

(2) At any stage in the gelation process it is possible to carry out 
measurements of the rheological properties of the suspension at that 
degree of structure; 7.e., the act of measurement does not disturb the 
structure appreciably in the interval of time required to determine the 
properties. As will be shown, both assumptions are valid in case of a 
bentonite suspension of a given age. 


Two other approaches should be mentioned here. The first is that of 
Ambrose and Loomis (1), who report that reproducible viscosity measure- 
ments for thixotropic suspensions are possible if “equilibrium” is estab- 
lished between gel formation and destruction. They state that such an 
equilibrium can be reached in a rotary viscosimeter which is allowed to run 
until a constant stress is observed at a constant rate of shear. They con- 
sidered the material in the instrument when equilibrium has been estab- 
lished to be in an intermediate state between sol and gel, where the rate 
of gelation is just counterbalanced by the breakdown caused by flow. 
This conception is correct only in the case where the shear gradient and 
shearing stress are quite uniform throughout the instrument. In cases 
where large variations in flow gradient exist throughout the insturment 
these variations are accentuated by the process of gelation. In the parts of 
the instrument where the shear stress is small, the suspension is relatively 
protected and gel formation proceeds readily; this, in turn, reduces the 
rate of flow in this portion still further so that the gel is protected and 
further gel formation proceeds to an even greater extent. On the other 
hand, in those parts of the instrument where the flow gradient is large, the 
gel is broken down to a particularly large extent; the resulting high fluidity 
tends to concentrate the flow still further in this region, leading to still 
further breakdown. This can be demonstrated very spectacularly in the 
MacMichael viscosimeter.* A stationary gel builds outward from the 

6 It should be pointed out that the MacMichael viscosimeter referred to here is not a 
concentric cylinder instrument. The bob consists of a horizontal, flat, circular disc, from 
the center of which arises a cylindrical shaft; this bob is suspended from the torsion wire 
in a rotating cylindrical cup. 
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suspended bob; another gel builds inward from the rotating cup, 
and turns with it. All the flow is restricted to a narrowing chan- 
nel between the two gels. The final ‘equilibrium’ between gelation 
and breakdown exists only at the interfaces between the channel and the 
two gels. In the channel itself, flow is vigorous, and the material is quite 
fluid. In the gels there is no observable flow at all, and the process of gela- 
tion presumably continues there in much the same way as in a stationary 
container. 

A very interesting method of studying the rheological properties of 
thixotropic suspension has been developed by Green and Weltmann, and 
involves the hystereses in D-S curves as D is increased and then decreased. 
As the rate of shear, D, is being increased, the gel structure is greater than 
the “equilibrium” structure for that value of D; therefore, the stress is 
higher than the “equilibrium” value. As the rate of shear is being de- 
creased, the structure is always less developed than the “equilibrium” 
structure. Thus, if the rate of shear is increased from zero to some maxi- 
mum value and then decreased to zero again, the observed D-S curve will 
exhibit a hysteresis loop—and the size of this loop will depend upon the 
rate of changing D. The existence of 3 distinct features of the curves— 
shape, loop size, and sensitivity to the rate of change of D—permit a 
3-fold differentiation of thixotropic systems. The experimental details of 
this.method have been very beautifully worked out and extremely inter- 
esting results have been obtained. It is probably the most rapid method 
giving quantitative results which allows multiple differentiation among 
materials, and, as a result, it is admirably suited for the empirical differ- 
entiation among different commercial products of a thixotropic nature. 
However, from a physicochemical standpoint, the process of undisturbed 
gelation plays a very important and central role—and here the general 
method of Pryce-Jones appears to be preferable. 


MertHop AND APPARATUS 


The instrument used in the major part of this investigation was a modi- 
fication of the torsional pendulum thixotrometer of Pryce-Jones (10). 
The instrument consisted of a cylindrical brass shell suspended, by a torsion 
wire, within the annular space between two concentric, stationary, brass 
cylindrical shells (see Fig. 1). The suspended shell had an inner diameter 
of 7.96 cm. and an outer diameter of 8.27 cm. The annular space within 
which it was hung had an inner diameter of 6.92 cm. and an outer diameter 
of 9.59 cm. The stationary base was mounted upon a tripod provided with 
leveling screws. The moving cylinder was suspended, by means of the 
torsion wire, from a stationary arm which extended from a vertical rod 
rising from the tripod. The moving cylinder was equipped with a horixon- 
tal pointer, and the stationary base supported a circular scale, graduated 
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in 100 equal parts. When in operation, the suspended cylinder was turned 
through some definite angle, away from the equilibrium position, and then 
released. The torsion wire tended to return it to its original position, and 
the material within the instrument opposed the motion. The rate of pro- 
gress was observed; in general, readings of angular displacement from the 
equilibrium position were taken every 5 seconds. 

The stationary annular cup of the instrument was constructed in such a 
way that it could be taken apart and cleaned after each investigation. It 
was made up of 2 concentric brass tubes, which screwed on to a staggered 
base. The suspended cylinder was fitted with a brass center shaft which 
made contact with a bearing at the center of the base. The torsion wires 


Fig. 1. Diagram of the instrument. 


used were standard MacMichael torsion wires, manufactured for use in the 
MacMichael viscosimeter. A brake, with spring, was provided so that the 
suspended cylinder could be held motionless in any position for any 
desired length of time. 
The investigation of the properties of a given suspension was carried 
out as follows. A sample of the suspension was agitated thoroughly in a 
mechanical shaking machine. It was then introduced into the thixotrom- 
eter, and the movable cylinder was rotated through a definite angle and 
then released. The progress of the cylinder through the suspension was 
observed and recorded. The instrument was then dismantled and cleaned, 
and a new sample introduced. This procedure did not yield reproducible 
results, because of an inevitable lapse of time between cessation of agita- 
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tion and beginning of measurement. Before the measurement could begin, 
it was necessary to pour the material into the instrument, clamp the scale 
in the proper position, suspend the movable cylinder from the cross arm, 
and turn it through an angle. The procedure was modified, therefore, to 
allow agitation of the sample after it had been introduced into the instru- 
ment, and after the scale and the movable cylinder had been put into 
place. The movable cylinder was used to agitate the material within the 
instrument by hand, attaining a reproducible degree of destruction of the 
bentonite gel structure. This method led to reproducible results. Before 
being introduced into the instrument, the material was shaken for 10 min. 
in the mechanical shaker to insure uniformity of composition. 

All measurements using this instrument were taken at 22—23°C. 

The thixotropic materials studied were aqueous suspensions of bento- 
nite. Bentonite is a volcanic ash of very fine particle size. Chemically, it is 
a hydrous aluminum silicate, with appreciable amounts of alkali oxides. 
The bentonite used was a commercial product, Volclay Micron Bento- 
nite, sold by the American Colloid Co. The suspensions were prepared by 
sprinkling bentonite on the surface of a known volume of water. Agitation 
was avoided until all the bentonite had been added and dispersed. 

The effects of ethyl alcohol and dioxane as addition agents were studied. 
The ethyl alcohol used was 95% alcohol. The dioxane was purified by 
distillation over sodium. A test run was made with U. S. P. castor oil. 


TABLE I 
Concentrations and Ages of Bentonite Suspensions 
Suspension Concentration Age 
per cent 
A-1 5.66 Fresh 
A-2 5.66 1 Day 
B-1 5.95 Fresh 
B-2 5.95 1 Day 
C-1 6.19 Fresh 
C-2 6.19 Fresh 
C-3 6.19 1 Day 
C-4 6.19 3 Days 
D-1 6.28 Fresh 
E-1 6.37 Fresh 
E-2 6.37 1 Day 
E-3 6.37 3 Days 
E-4 6.37 3 Days 
E-5 6.37 6 Days 
E-6 6.37 6 Days (0°C.) 
E-7 6.37 14 Days 
E-8 6.37 14 Days (0°C). 
F-1 6.54 Fresh 
F-2 6.54 Fresh 


F-3 6.54 1 Day 
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Setting time 
A -zero 
B -1 minute 
GC -2minutes 


ANGULAR DISPLACEMENT, scale divisions 
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RESTORATION TIME, seconds 


Fic. 2. Restoration curves for two identical suspensions, C-1 and C-2, 
after different “setting times.” 
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Fic. 3. Restoration curve for castor oil. 
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EXPERIMENTAL RESULTS AND DISCUSSION 


Bentonite suspensions of various concentrations and ages were investi- 
gated. Table I lists the different suspensions according to age and concen- 
tration, and designates each by a symbol by which it will be represented 
in'jthe subsequent discussion. Each separate suspension was investigated 
using different initial displacements and different setting times. 

The reproducibility of the results is indicated in Fig. 2. This figure 
shows restoration curves from an initial angular displacement of 100 units 
of 2 different fresh suspensions containing 6.19% bentonite, after setting 
the times of zero, 1 min., and 2 min. The general form of these restoration 
curves is typical of the results obtained throughout the investigation. 


© Setting time zero 
initial setting 100 

®@ Setting time IS seconds 
initial setting 60 


ANGULAR DISPLACEMENT, scale divisions 


ce) 20 40 60 
RESTORATION TIME, seconds 


Fic. 4. Indication of gel formation during measurement (see text). 


If the material under investigation was a simple Newtonian liquid, the 
plot of log & vs. time should be a straight line. This was found to be true 
for castor oil, as shown in Fig. 3. The upward curvature exhibited by the 
restoration curves of bentonite suspensions might arise from either of two 
causes: a building up of structure during the course of the experiment, or 
simply a non-Newtonian flow curve. In the case of thoroughly agitated 
sols, the chief cause is the process of gelation which begins to take place 
when agitation is ceased, even in the presence of the (relatively mild) 
stirring action of the cylinder. This fact is illustrated by the data pre- 
sented graphically in Fig. 4. These data were obtained in the following 
way: A bentonite suspension was introduced into the instrument and 
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agitated. The cylinder was released from an angle of 100 scale units, and 
the restoration curve was recorded and plotted. It was observed that, after 
15 sec., the pointer was at about 60, and after 30 sec., at about 45. The gel 
was then agitated, and the cylinder set at a scale reading of 60. After a 
quiet setting time of 15 sec., the cylinder was released, and its restoration 
curve recorded and plotted. As shown in Fig. 4, the restoration curve from 
an angle of 60, after 15 sec. quiet standing, is very nearly the same as that 
part of the original restoration curve from 100 which lies below 60. The 
same procedure was followed from a scale reading of 45 after 30 sec. 
setting time, and a similar check was obtained. The implication is that 
immediately after thorough agitation, the process of gel formation is not 
greatly hindered by a mild stirring action such as that introduced by the 
rotating cylinder. 


Newtonian Behavior of Thoroughly Agitated Suspensions 


When restoration experiments were carried out from different initial 
angular displacements immediately after thorough agitation, the initial 
slopes of the restoration curves were found to be practically identical, 


ANGULAR DISPLACENT, scale divisions 


6 20 40 60 


RESTORATION TIME, seconds 


Fic. 5. Restoration curves of suspension F-3 from different 
initial angles, immediately after agitation. 


indicating that immediately after agitation the bentonite suspensions 
were essentially Newtonian fluids. Fig. 5 shows the results of such an 
experiment using bentonite suspension F-3. If the initial slope of the 
logarithmic curve is multiplied by 2.303 times the initial scale reading, the 
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INITIAL dR/dt, scale divisions/sec. 


20 60 100 140 
INITIAL DISPLACEMENT, scale divisions 


Fic. 6. Initial rates of restoration in Fig. 5, plotted against initial displacement. 
(Essentially a plot of rate of shear vs. shearing stress.) 
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ce) 20 40 60 
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Fig. 7. Restoration curves of suspension F-3 from different 
initial angles, after 1 min. setting time. 
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result obtained is the initial value of dk/dt. Fig. 6 shows that for sample 
F-3, immediately after agitation, dR/dt is directly proportional to R. 
Similar sets of runs from different initial angular displacements were 
carried out on sample F-3 after it had set for 1 min. and 2 min., respective- 
ly, after agitation. The logarithmic restoration curves are shown in Figs. 
7. and 8. Fig. 9 shows a relation between the initial rate of restoration and 
the initial deformation, for the case of the 2 min. setting time. In this case, 
an apparent yield point has developed, and the slope of the curve has been 


100 


N 
° 


BSS 
(oe) 


ANGULAR DISPLACEMENT, scale divisions 
i) 
° 


0 20 40 60 
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Fic. 8. Restoration curves of suspension F-3 from different 
initial angles, after 2 min. setting time. 


diminished. (Note the difference in ordinate scale between Figs. 6 and 9.) 
Similar results were obtained on a number of other suspensions, although 
good straight lines, such as that of Fig. 9, were not always obtained. For 
example, see Fig. 10, which refers to a bentonite suspension of concentra- 
tion 5.95%, which had been aged one day after preparation. The following 
generalization seems warranted: immediately after agitation, bentonite 
suspensions of this concentration range are very nearly ideal Newtonian 
fluids, but, upon standing undisturbed, develop apparent yield points. 


Double Variability of Thixotropic Suspensions 


One fact which was brought out very clearly in this investigation was 
the impossibility of adequately characterizing a thixotropic suspension by 
one number, such as a “setting time.’ It is possible for one suspension to 
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be extremely fluid immediately after agitation but to exhibit a rapid 
gelation’ process, in contrast to another suspension which is much less 
fluid after agitation, but gels more slowly. The rheological characteristics 
of two such suspensions would be entirely different, and yet they might 
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t, scale divisions/sec. 
[o} 
> 
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Fig. 9. Initial rate vs. initial angle for suspension F-3, after 2 min. setting time. 


exhibit the same, “‘setting time,’’ based on the time required to reach some 
arbitrary degree of consistency. This is shown dramatically in Figs. 11 and 
12. Note that sample C-1 immediately after agitation is extremely fluid, 
but that, within 2.5 min. it can set up to an extremely high degree of 


8 
Setting time 
A- zero 
B-35 min. 
6 C-5 min. 


scale divisions /sec. 
> 


INITIAL RATE OF RESTORATION, 
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INITIAL DISPLACEMENT, scale divisions 


Fic. 10. Initial rate vs. initial angle for suspension B-2, after different setting times. 


consistency. On the other hand, sample E-3 immediately after agitation 
still exhibits a relatively low fluidity, but requires a considerably longer 
time to develop a marked increase in consistency. 
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Age of Gel: Effect Upon Thixotropic Properties 


The marked difference between the rates of gelation of the two samples 
shown in Figs. 10 and 11 is due to the fact that sample C-1 was studied 
immediately after preparation of the suspension, whereas sample E-3 had 
been allowed to age for 3 days before being studied. In every Case investi- 
gated, the effect of aging was found to be the same. Fresh suspensions 
were always found to be more fluid than aged suspensions immediately 
after agitation. The process of gelation, however, took place much more 
rapidly in fresh suspensions than in those which had been allowed to age. 

Note that the gelation process for a suspension of a definite age is semi- 
reversible, in the sense that thorough agitation will destroy the structure, 


ANGULAR DISPLACEMENT, scale divisions 


O 20 40 60 
RESTORATION TIME, seconds 


Fic. 11. Effect of setting time on restoration curves of a fresh suspension, C-1. 


returning the suspension to a reproducible sol state. Upon quiet standing, 
the gelation process occurs at the same rate time after time. The slow 
aging process is superimposed on this gelation. Aging is not mechanically 
reversible, at least under the conditions of agitation used in our experi- 
ments. 
One possible explanation of the above observations is that the potential 
energy curve for two bentonite particles possesses two minima—a shallow 
minimum at fairly large distance of separation, and a deeper minimum for 
small separation—these two minima being separated by a potential 
barrier (6,7). If this is true, the processes of gelation and aging could be 
interpreted as follows. Gelation consists of the establishment of a loose 
structure as bentonite particles arrange themselves at the larger equilib- 
rium separation. This type of structure development can occur fairly 
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rapidly, since all that is required is for the bentonite particles to diffuse 
into the proper positions. Such structure can also be broken up by mechan- 
ical agitation, because of the shallowness of the potential minimum in- 
volved. Aging would be interpreted as the formation of more closely bound 
clusters of bentonite particles held together at the smaller equilibrium 
distance. Because of the intervening potential barrier, the aging process 
is relatively slow. Because of the depth of the inner potential minimum, 
these dense aggregates, once formed, would be difficult to break up by 
mechanical agitation of the sort employed in our experiments. Finally, a 
bentonite suspension in which considerable “aging’’ had occurred could 


Setting time 
A- zero 
B - 30 sec. 
C- | min. 
D- 2 min. 
E- 5 min. 
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Fig. 12. Effect of setting time on restoration curves of an “aged” suspension, E-3. 


be expected to exhibit different gelation properties than a fresh gel, 
because of the larger effective particle size of the suspension. In fact, the 
results actually observed seem very reasonable; aged suspensions are less 
fluid immediately after agitation, but are slower to gel. However, much 
independent evidence from other methods would have to be obits 
before one could establish such a detailed mechanism for gelation and 
aging. 

A number of studies were made comparing the rate of aging of bentonite 
suspensions at room temperature and at 2°C. (the actual rheological meas- 
urements were all carried out at 22-23° C.) It was observed that the sam- 
ples which had been aged at the lower temperature exhibited a greater 
fluidity immediately after agitation than the samples which had been aged 
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at the higher temperature. The rate of gelation, however, was greater for 
the samples which had been aged at 2°C. These facts would indicate that 


the aging process takes place at slower rates at low temperatures than at 
high. 


Effect of Addition Agents upon Thixotropic Properties 
of Bentonite Suspensions 


One of the theoretical explanations of thixotropy depends upon the 
formation of complexes in water (9). These complexes result from hydro- 
gen bonds among water molecules. On the basis of this theory, it would be 
expected that an addition agent which reduced hydrogen bonding in water 
would also have a large effect upon the thixotropic nature of an aqueous 
suspension. To test this possibility, suspensions of bentonite were pre- 
pared which contained either dioxane or ethyl alcohol as addition agents. 
Dioxane is known to reduce hydrogen bonding in water by a great deal, 
even in small quantities; alcohol is known to have only a small effect upon 
the extent of hydrogen bonding in water (5). It would be expected, there- 
fore, on the basis of the cybotactic theory of thixotropy, that dioxane 
would have a greater effect than alcohol upon the thixotropic character of 
aqueous suspensions. In the few cases which were investigated, this was 
found to be true. When a suspension was prepared containing *6.37% 
bentonite and 1% dioxane, the properties were found to be greatly 
different from those of a 6.37% suspension in pure water. In fact, when 
the movable cylinder was released, the damping factor was so small that 
the cylinder actually passed the equilibrium position, in 4.6 sec., and 
oscillated about it. This indicates a fluidity much greater than any ob- 
served in the case of bentonite suspensions in pure water. Even in this 
extremely fluid suspension, however, there was a tendency toward weak 
gelation. If the cylinder was held for a “setting time” of 2 min. before 
being released, the time of passing the equilibrium position was inereased 
to 6.2 sec. After a setting time of 10 sec., the time was increased to 7.0 sec. 
After a setting time of 25 min., it required 20 sec. for the cylinder to return 
to an angular displacement of 5 scale divisions. In other cases, aqueous 
suspensions of bentonite were prepared and allowed to age for one day. 
At the end of that time, dioxane was added in various amounts. The 
effect of dioxane thus added to an aged aqueous suspension of bentonite 
was less than the effect in the case of the suspensions where bentonite was 
added to a dioxane-water mixture. 

In contrast with these results, the thixotropic properties of a suspension 
of bentonite in a 99:1 water-alcohol mixture were found to be practically 
identical with those of an aqueous suspension of the same bentonite con- 


centration. 
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SumMARY OF RESULTS AND EVALUATION OF THE MetrHop 


The experimental method utilized in this investigation possesses several 
major flaws, the chief of which are the poor temperature control and the 
awkward manual method of agitating the suspension. (The use of ultra- 
sonic waves suggests itself as an alternative in the latter case.) The 
general approach described here does, however, offer some significant 
advantages in the study of thixotropic suspensions. 


(1) By focusing attention on the initial rates of restoration, it is possible 
to determine the D-S curve (flow curve) of a suspension at a given stage of 
gelation. This practically eliminates uncertainties arising from an altera- 
tion of the structure by the act of measurement. 

(2) Bentonite suspensions are found to be essentially Newtonian 
immediately following thorough agitation. The gelation process introduces 
an apparent yield point, and also reduces the slope of the flow curve. 

(3) The gelation process is reversible, in the sense that thorough agi- 
tation returns the system to a reproducible sol state, which subsequently 
undergoes reproducible gelation. 

(4) Superimposed upon the mechanically reversible gelation process is 
a slower, mechanically irreversible process of consolidation, referred to 
here as aging. At any stage in the aging process, a mechanically reversible 
‘gelation phenomenon exists; but the gelation properties are different for 
gels of different age. 

(5) The rate of aging is dependent upon temperature. 

(6) Traces of dioxane very markedly reduce the tendency toward 
gelation. 
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INTRODUCTION 


In all of the following discussion it is supposed that the deformation 
is isothermal and time or viscosity effects are absent. The reasonable and 
commonly accepted assumption is made throughout that a yield or load- 
ing surface exists which depends upon the state of stress and strain and 
history of loading. In other words, at each stage of a plastic deformation 
or unloading, there is some function of stress f(o;;), such that no addi- 
tional plastic deformation takes place when f is smaller than some number 
k. Plastic flow occurs when f = k for materials which do not work-harden 
(ideal plasticity), when f exceeds k for work-hardening materials. Two 
simple examples of f are the maximum shear stress (Tresca) and the 
second invariant of the stress deviation (Mises), J2 = $8:;8;:, or, equiva- 
lently, the octahedral shearing stress (Nadai), Fig. la. In general, both f 
and k depend upon the state and history of the material. 

A mathematical theory of plasticity for work-hardening metals in 
which the loading function depends upon stress alone will be termed stress 
hardening. A theory in which the material when unloaded exhibits no 
directional properties will be called isotropic, although strong anisotropy 
may be introduced by the state of stress. The most general form of f for 
an isotropic stress hardening theory is 


f = f(o1, 02, 03), (1) 


where o1, o2, 3 are the principal stresses. When the stress components 
with respect to an arbitrary set of rectangular axis are given instead, f is 
more conveniently written as 


f =fU1, J2, Js), (2) 
where J; = oi, the sum of the principal stresses, is not very important 


1 The conclusions presented here were obtained in the course of research conducted 
under Contract N7onr-358 sponsored jointly by the Office of Naval Research and the 
Bureau of Ships. 

2 Presented at the Annual Meeting of the Society of Rheology, New York, N. Y., 
November 5 and 6, 1948. 
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and is usually dropped [1,2,3]*; J2 = 38:8; is proportional to the square 
of the octahedral shearing stress, and J3 = 35:;8jxSx:. Anisotropic stress 
hardening theories can also be devised. Direction is important, so that 


f = f(ois) (3) 


contains the stress components for fixed axes and not the invariants or 
the principal stresses. 


O2 Oz 
Fak; 
MISES Jo N 
f (UoJ3) 
X SHEAR 
de, ot 


a. Several yield conditions. b. Sections of a family of loading surfaces 
for a stress hardening material 
ks e: ke > ky > 0. 
Fig. 1. Yield or loading surfaces. 


The value of f remains constant for an ideally plastic material as there 
is just one yield surface, but f increases for a stress hardening one, Fig. 1b, 
where a definite family of loading surfaces exists. 


oO Oo” 


Fig. 2. Bauschinger effect. An unequal raising of the flow limit or actual lowering 
when the flow stress is reversed. 


Stress-hardening theories are at best but a first approximation to the 
physical behavior of metals [4]. They cannot exhibit a true Bauschinger 
effect, the unequal raising of the flow limit or often a lowering when the 
flow stress is reversed, Fig. 2, which means that the loading function 


’ Numbers in brackets refer to the bibliography at the end of the paper. 
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depends upon strain as well as stress, f = f(o:;, ¢;;). The elastic or re- 
coverable strains €,;° will be assumed given by a generalized Hooke’s law 
which may be anisotropic. In abbreviated form 


€43° = Cijxiont. (4) 
Therefore, for clarity the more general form of f should be written as 
F = f(ois, €:3?), (5) 


where ¢;;? represents the components of plastic strain. Form (5) contains 
(2) as a special case. As for the simpler theories, f may remain constant 
or it may vary as the deformation proceeds. In the latter case, f really 
involves history of loading as well as existing stress and strain. Some 


Fia. 3. Sections of loading surfaces for f = f(o, «) as in Eq. 15. Solid curve on right 
for f unchanged dashed curve for f increasing (simple tension). 


path of loading terms may be included explicitly (history) and f written 
directly as f (stress, strain, history). Again f may remain constant or 
may change. 

So far, the loading criterion alone has been considered, no mention 
has been made of the plastic stress-strain relations. It is not obvious that 
there is a necessary connection between f and the stress-strain relation, 
although Mises has long used the idea of a plastic potential in several cases 

de;;? = of /dei;, 
or 
de;;? = Ndf/do%;- (6) 

In the next sections it is shown that this relation is valid for materials 
obeying f(c;;) = k (fixed constant) and also for those which work-harden, 
provided the strain increments are linear in the stress increments when 


loading occurs; 
de;;? = Fijxidoxi, (7) 
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where the Fx generally are functions of stress, plastic strain, and plastic 
strain history. To do so, it is necessary to be explicit about the meaning 
of work-hardening (Fig. 4) or stability of plastic flow. For simple tension 
or compression, the stress must be a monotonically increasing function 
of the strain; and constancy of stress as strain varies defines ideal plas- 
ticity, f = k. A direct extension to more general loading is clear if all 
stress components increase in ratio as the strain components do. When 
the stress-strain state from which the plastic flow process starts is arbi- 
trary, as is the direction in which the flow proceeds, work-hardening may 
be defined as meaning that an increase in the plastic as well as the total 
work per unit volume is required for each unit increase of c in Ae;; = ce;;° 
or Ae;;? = ce;;’. That is, as the plastic or total strain increments from the 
starting point get larger in ratio, more and more work is dissipated per 


o 


STABLE | UNSTABLE 


DEAL 
PLASTICITY 


Fic. 4. Work-hardening vs. instability of plastic flow. 


unit volume for any given change in any one of the components of strain. 
In an ideally plastic material, this rate of dissipation is constant. For the 
preceding statements to have meaning, Ae,;; must be a plastic deformation 

initially and not an elastic unloading. | 


STRESS-STRAIN RELATIONS AND GEOMETRY 4 


The significance of the loading function is clearer when f is interpreted 
geometrically as a surface in stress space, in plastic or total strain space, 
and in combined stress and plastic strain space. The well-known yield 
surfaces for isotropic stress theories are especially simple cases. Isotropy 
means that it is permissible to consider principal stresses o1, o2, o3 only 
so that a 3-dimensional space can be employed in which there is the cube 
for the maximum normal stress theory, the hexagonal cylinder for maxi- 
mum shear stress, and the circular cylinder for shear strain energy. Fig. la 
is a plot of some sections for o; = 0. If ideal plasticity is assumed, one 
surface gives a complete description. Each point inside the surface repre- 
sents an elastic state of stress, each point on it a plastic state. 

If stress hardening occurs, the surface moves outward with the stress 
point as the stresses go beyond the original and subsequent yield limits but 


‘The derivations and concepts which follow can, of course, be rephrased in purely 
algebraic language. 
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remains fixed as the stress point moves around inside. When oi to+a;3 
is assumed without influence, the family of loading surfaces is a fixed 
nested set of cylinders, the common axis being equally inclined to the 
coordinate axes. The magnitudes of the plastic strain components do not 
enter into the shape of the surfaces nor, in general, do they determine 
which surface governs at any stage of the deformation. This, of course, 
does not mean that the loading surface and changes in strain are un- 
related. On the contrary, the relation is explicit as will be proved later. 

If, for example, the Mises f: = J» is used, the stress-strain relation 
will be of the Prandtl-Reuss type 


de;; = de;° -- de;;?, (8) 
in which 
de: = Cynadon = +t — 7 disdone, (9) 
and 
0 
de;;” = )\ = = XS; (10) 


where » is Poisson’s ratio, HZ is Young’s modulus, s;; is the stress devia- 
tion o;; — 30%45:;, ox. is the sum of the principal stresses, and 6;; is the 
Kronecker delta. The coefficient \ has different forms depending upon the 
assumption as to the material. With the hypothesis of ideal plasticity, 
when the stress point lies on the yield surface, the plastic strain is not 
limited by the stress-strain relation. If the material stress hardens, \ 
becomes 
At a F(J2)dJ 2, (11) 
so that 
de;;? = F(J2)s8i;dJ 2. (12) 


Squaring each of the terms represented by Eq. (12) and adding, de;;?de;;” 
= F?(J»)s;;8;;(dJ 2)? = F?(J2)2J2(dJ2)”. It is seen by taking the square 
root of both sides and integrating, that f Vde,;de;;? must be a function 
of J. There will be a unique inverse for a work hardening material so 
that J» or fi is a function of f Vde;;"de;;? a relation found by Cunningham, 
Thomsen, and Dorn [5]. 

The loading function f; is thus uniquely related to an integrated func- 
tion of the strain increments but, as previously stated, not the strain 
itself. If, as an example, a bar is pulled beyond its original yield point and 
then compressed back to its original size so that the final strain is zero, 
fi: will have increased both in the stretching and the compressing process. 
Referring to Fig. 1b, this type of theory states that as o1 goes from O to 
A elastic action only takes place (f = k: is supposed to be the original 
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yield surface); as o1 increases further, plastic flow occurs and the loading 
surface moves outward. If, at B, the stress is removed (B to A to O) and 
then reversed, no yielding occurs until point C on f = kz is passed. Then 
further compression to D produces more plastic deformation and the 
loading surface continues to move outward as the stress point does. 
During the loading phases, f and f Vde;;?de;;? increase. The same action 
holds for all stress paths as for this special one. Path OLMN establishes 
the same successive loading surfaces, M corresponding to B, N to D. 

When f is of more general form, fo = f(J2, J 3), Prager and his co- 
workers have shown the sufficiency of Eq. (6) and given 


he = F(Jo, Js)dfz, 


) 13 
de;;? —_ F(J2, J 3) 2 dfe, ( ) 
Oi 
for the stress hardening case. Again, f2 is not related to the state of strain 
but instead to an integrated form of the strain increment invariants. 


It is interesting to note that the increment of plastic work | 


dW = o;;dei;? = hey a = dnf, (14) 
Ww 


when f is homogeneous of degree n in the stresses as it is for these theories. 

When fixed cartesian components of stress are employed instead of 
principal stresses, the surfaces cannot be constructed or drawn easily 
except in special sections. For anisotropic theories and for theories in- 
volving strain, although the language and concepts of geometry are 
always very helpful, the reduction to three dimensions is possible in par- 
ticular cases only. Consider, for illustration, fixed axes x, y, 2 in an 
originally isotropic material and a loading process in which the principal 
stresses and strains are at all times in the x, y, z directions. A permissible 
form of f which gives a Bauschinger effect is 


fs = (a2 — 301% — mez”)? + (oy — fon — mey?)? 

+ (a, — $onn — me”), (15) 
where m is a constant. Eq. (15) is the Mises yield condition when the 
plastic strains are zero. 

As for the stress theories, it can be assumed that f remains constant 
[6] or that it changes in value as the deformation proceeds. In the first 
case, the surface of constant f remains fixed in combined stress-strain 
space, in the second it moves about. In both cases the surface alters in 
stress space alone but does not simply expand outward as in Fig. 1b. 
Subsequent surfaces now do not form a one parameter family but intersect 
the previous ones as shown in section by Fig. 3. It is these surfaces in 
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stress space that determine whether or not additional plastic deformation 
occurs. A change of stress in the interior is purely elastic, plastic deforma- 
tion takes place when the stress point moves outside of the surface: 
loading occurs when 

of 


00;; 


doi; > 0. (16) 


Ideal plasticity requires f = f(c,;) and therefore is ruled out, but a 
surface fixed in stress-strain space has some similarity to one fixed in 
stress space alone. The history of loading does not enter in either case. 
All that counts is the final result—the state of stress and strain. History 
does matter when the surfaces move, and they must move as the strain 
increment is known to depend upon stress, strain, and history in real 
metals. 

The preceding discussion has given the general picture and stated a 
few results and limitations. Two important features of the loading surface 
and the stress-strain relations will now be proved for any function f 
(stress, strain, history). 

1. The loading surface in stress space must be convex with respect to 
the origin [6 ]. 

This follows directly from the concept that unloading or removing all 
stresses at a material point in ratio cannot produce plastic deformation at 
that point. Such unloading in ratio is represented by a straight line in 
stress space from the stress point on the loading surface to the origin of 
coordinates. All such radial lines must, therefore, not intersect the loading 
surface at an intermediate point. 

2. The vector whose components are proportional to the increments 
in plastic strain must be normal to the loading surface in stress space, 
1.€., de;;? = dOf/do;; where X is a scalar. For a work-hardening material, 
obeying Eq. (7), 

dee = GE don, (17) 


00;; Oox1 


where G is a scalar which may depend upon stress, strain and history. 

Consider a work-hardening metal, a state of stress, o;;, on the loading 
surface, and a neighboring state o;; + do,; outside. The stress increments 
do;; represent loading, Eq. (16); that is, they produce further plastic 
deformation de;;? as well as elastic strains de,;*. For very small do;; and 
de;;, the total work done per unit volume is (oi; + 4do;;)de:; OY 


dW = (oc; + 4doi;) (dei? + de;;?). (18) 


Now suppose the stress increments to be 2doi; instead of do;; or, if the 
idea of work-hardening given in the introduction is to be used directly, 
imagine the procedure reversed to make the de,; the independent quan- 
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tities. They produce the do,; and the work done is, of course, the same. 
Doubling the de;; will double the do,; and vice versa, as the relation (7) 
between the infinitesimals is linear. The total work in this second case is 


AW 2 = (64; + da ;;)2(de:;? -|- de;;?). (19) 


From the definition of a work-hardening material (see Introduction), it 
follows that dWi2 — dW must be greater than dW, or 


do i;(de:;? + de;;?) > 0) (20) 
Condition (20) can be derived directly by writing 


s Loij(dei;? + dexj?) \dou > 0. 


This condition was found by Prager to be sufficient for uniqueness in — 


the sense that, given the state of stress and strain throughout a body, 


definite increments in the surface tractions should produce unique stress _ 


increments in the interior. The above means of establishing the necessity 
of (20) shows directly what the uniqueness requirement represents. The 
plastic flow is unstable at any interior point where (20) is not satisfied. 
This does not occur in a work-hardening material, by definition, and does 
not take place in metals without upper and lower yield points. The neck- 
ing point and beyond in a tensile specimen is such a case of instability but 
is in terms of force not stress; the true stress-strain curve does not reach 
a maximum and then drop off, but continues to climb, Fig. 4. 

In condition (20), the elastic term do;;de;;° is always positive so that 


it cannot be concluded definitely from (20) that do.j;de;;? must be. How-. 


ever, work hardening means more than dWi2 — dWn > dWu, it means 
that the plastic work increment (assuming plastic deformation takes 
place) increases as well as the total; or 


dWe = (oi + do ;;)2de;;? (21) 
must exceed twice 
AW, = (a4; + 3doi;)de;;?. (22) 


This proves the necessity for 


doi;de;;? > 0, (23)° | 


when de;;? exists and the material work hardens. As for (20), condition 


(23) follows directly from a (wedecedchci0! 
kl 


Interpreting the preceding geometrically, as Prager has done [6], oi;, 
the coordinates of a stress point on the loading surface, can be considered 


* This result can be shown to follow directly from a criterion of stability of equilibrium. 
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as a vector in stress space from the origin to the point; dai; is a vector in 
this same space. Plastic deformation occurs when do;; points outward 
from the loading surface. If the axes are now taken as representing strain 
instead of stress, de;;, de;;°, de;;? also may be taken as vectors. 

Linearity between the infinitesimal changes of stress and of strain, 
Eq. (7), means that the strain increments produced by a do:; can be 
computed by breaking do;; up into components none of which, however, 
may by themselves cause unloading. In particular, do;; may be decom- 
posed into a component in the tangent plane and a component normal to 
the loading surface. All loading vectors may be so decomposed into one 
which produces elastic strain increments only and the normal component 
which accounts for all the plastic changes in addition to the elastic which 
must always occur. As de;;? depends upon the normal component only, 
its direction must be the same for all do;; constituting loading. 

Eq. (23) states in geometric language that the scalar product of vec- 
tors de;;? and do;; must be positive, or that the angle between their direc- 
tions must not exceed 90°. The only direction which makes an angle of 
90° or less with all possible do;; constituting loading is the normal to the 
loading surface. Therefore, de,;;? is proportional to df/dc,;, a normal 
vector. As the magnitude of de;;? is proportional to the magnitude of the 
normal component of do;;, the constant of proportionality will be the 
scalar product of do;; and the normal vector df/d0;; multiplied by a scalar 


: : 0 0 
function of stress, strain and history; de,;,? = (G@) (== )( je dou ) ; 


00%; 
Eq. (17). 

When the material does not work-harden, by definition do;jde,;;? = 0 
and the angle between the stress increment vector and the plastic strain 
increment vector must be 90°. For plastic flow to continue, the stress 
increment vector which now cannot point outside must lie in the loading 
surface and therefore again de;;? is normal to the surface although Eq. (7) 
does not apply. 

The combination of the convexity of the loading surface with respect 
to the origin and the normality of the strain increment vector insures 
the positiveness of the plastic work increment o;;de;;?. This sum is the 
scalar product of the stress vector which is radial outward and the strain 
increment vector which is normal, and for positiveness the angle between 
them cannot exceed 90°. Convexity means that the radius and the out- 
ward normal make an acute angle with each other. 


f =f (stress, strain, history). 


If the proper expression for the loading surfaces can be written down, 
of 
at do; > 0, 


it has been shown that the stress strain relation for loading, ae 
vy 
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will be f “e 
eer 17 
de:;? = OAs (= rere dou) ; (17) 
de;;° = Cinidont, (24) 
de; = de,;° + de;;?, (8) 


which should hold for all work-hardening materials obeying Eq. (7) 
whether isotropic or anisotropic elastically or at first yielding. For un- 


loading, or neutral changes in stress, ——— an ss gaee < 0, Eq. (24) alone is used, 


and alone continues to be valid until ti stress point moves outside the 
last established loading surface (e.g., at point C in Fig. 1b). 

Prager [6] has considered the special case, f(c:;, €:;”) a fixed constant, 
in detail. The restriction on f is very severe 


of of 
Ooi; 0€;;? 


(25) 


Forms such as f(o;; — me;;) are, therefore, permissible. Eq. (15), of the 
form f(s:; — me;;), is exactly the same kind of function when ¢,”, the sum 
of the principal plastic strains, is zero. In all cases, setting df = 0 yields” 


1 
af of’ 


Oox OEKI” 


dei? = mie (4 denn) : (26) 


Ook DEK? 


Ca 


and 


However, such restriction is not necessary and, in fact, prevents the 
fitting of some experimental data, for, as is well known, straining a metal 
into the plastic range and reversing the loading to bring back the original 
configuration changes the original yield point. Analogously to the Prager 
incremental stress hardening theory, f may change in value. The function 
G may then be chosen as a function of stress, strain, and history to fit 
actual data, while for expression (15) set equal to zero it turns out that 
G is a constant. 


f =f .(strain). 


In the plastic bending or buckling of beams, plates, and shells, total 
displacements or strains are usually treated as the independent variables. 
It would be very convenient, and it might seem quite reasonable, instead 
of a stress hardening theory to postulate an isotropic. strain hardening 
theory of plasticity in which infinitesimal changes in stress are given by 
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the existing state of strain, ¢;;, and the infinitesimal changes in strain [7 ] 
dois = Hijudenn. (27) 


This form is the inverse of Eq. (7). Isotropy even in the extended sense 
here, drastically restricts (27). It means that the loading surface exists 
in a principal strain space «1, €2, €; (no ordering in accordance with mag- 
nitude) and is not altered by an interchange of subscripts 1, 2, 3. Strain 
hardening, as used here, means that the family of surfaces distinguishing 
loading from unloading remains fixed in strain space; successive surfaces 
do not intersect. Each of these surfaces is one of unchanged plastic strain 
and so corresponds to isolated points in a plastic strain space. 

One physical difficulty with such an isotropic theory is in the shape 
of the loading surface it calls for. Suppose, for example, that a medium 
carbon steel body is subjected to simple tension, o1, which produces a 
total strain in the 1-direction of 


€g = €1° (say 0.002) + e1” (say 0.02) 


and a strain in the cross directions eg = e; = — e, where e, is approxi- 
mately half as large as €2. Isotropy then requires that e: = — €,€2 = — €, 
€; = €, also be a point on the loading surface. Elastic changes in shear 
strains of over 2% are thus possible in such a theory, despite the physical 
incorrectness of so large a value for medium carbon steel. 

Anisotropic strain hardening theories containing history could avoid 
this difficulty. In fact, the isotropic stress hardening type, Eqs. (1) or (2), 
is such a theory as it gives anisotropic surfaces in strain space which move 
about as the deformation proceeds. 


CONCLUSION 


The work of Mises and Prager is extended within the framework of 
present mathematical theories of plasticity. Consideration is given to the 
simplest theories and to general types without time effects in which the 
loading criterion involves strain as well as stress and the path of loading 
has influence. It is demonstrated that loading surfaces in stress space 
must be convex with respect to the origin and that the plastic strain 
increment considered as a vector must be normal to the surface or 
de?; = ddf/d0;; where d is a scalar. For work hardening material 


n= CG (57 dou), where G may be a function of stress, strain and 
Ckl 


history of loading. 
It is also shown: that the mathematically very useful type of theory 
which might be termed isotropic strain hardening is unfortunately not 


physically permissible. 
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Notation. The tensor notation is used partly to save space but mainly 


to simplify the development and description of the ideas presented. Con- 
version to the usual engineering symbolism is made in the following 


manner: 


o;; represents all or any of the components of stress, ¢, when 7 and 7 
are each 1, o, when each are 2, rz, when t = 1, 7 = 2, ty, when 
t= 2,9 = 3, etc. 

e;; represents all or any of the components of strain, e.g., the normal 
strain e, when 7 = 7 = 1 and one-half the shearing strain Yay 
when i = 1,7 = 2. 

dco;; and de,;; denote infinitesimal increments in stress and strain 
respectively 

e and p used as superscripts indicate elastic and plastic strain com- 
ponents as distinguished from their sum which has no superscript 

s;; the stress deviation is o;; — 30xx%6i; where 

5;; the Kronecker delta is unity for 7 = 7 and zero for? ¥ j 

J» the second invariant, 4$s;;s;:; 1s proportional to the shear strain 
energy or to the square of the octahedral shearing stress 

J; the third invariant, 35:;8;.8::, 18 necessary in stress hardening 
theories to obtain the best agreement with experimental data [4]. 


Repeated subscripts in a single term or product denote summa- 


tion, ¢€.g., 


Ore = 0% = 02 + Oy + 6; 


oijdeiy = ore, + oydey + odes + Oryllezy + cyrdeyz + --- 


= ode, + odey a. oe, + Thay = TyehV ys + Fadl Vex 


UD of of 
ae don = do, + ae, doy + oa do, 


Oo; 
Obs of af 
+ OT xy drzy + Sb a- org +E oe 


A system of equations is abbreviated similarly, e.g., 


Co) 
dex;? = rv means de,” ee +++, déry? =X of 


ij Oz OTe 


while 


€i;° = Ciao represents all equations 


(Ge = Cwex0 x + Ceeyy Fy + Cae: oe Cates + eee + Careet ect etc. 


lH 


0 63) Crysis + Canes +. CaieOe + CcoonyT ep + 9 8 + Cesta etc. 


_ 
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INTRODUCTION 


The intrinsic viscosity is probably the most frequently measured prop- 
erty of polymers, since it offers the simplest means of characterizing molec- 
ular size. For example, this determination is a useful research tool when 
studying polymerization, since, even if intrinsic viscosity has not been cal- 
ibrated in terms of molecular weight for the particular polymer under 
investigation, it still may be used to give a relative measure of the extent 
of polymerization. In view of the widespread use of this determination, it 
was considered desirable to present some observations on the solution of 
some problems involved in such determinations and to indicate how the 
test has been put on a standardized basis, which makes it useful in the 
hands of nontechnical personnel. 


EXPERIMENTAL TECHNIQUES AND EQUIPMENT 


In any discussion of the elimination of errors and difficulties peculiar to 
viscosity determination, the kinetic energy correction must be given first 
consideration. With the usual type of capillary viscometers, such as the 
Ostwald, Cannon-Fenske, or Ubbelohde, theory does not permit the rigor- 
ous calculation of the kinetic energy correction from viscometer dimen- 
sions. The usual method of determining the magnitude of this correction 
is to calibrate the viscometer with two different liquids of known viscostiy 
according to A. S. T. M. Method D445-42T. This correction can be quite 
appreciable, for example, when measuring an acetone solution in a visco- 
meter which gives approximately 100 sec. for water. Here, the correction 
applied to the solvent viscosity amounts to about 20%. An error of 10% 
in the value of the kinetic energy correction in such a case would introduce 
an error of approximately 2% in the specific viscosity. There are several 
ways in which such errors may be minimized. The length of the capillary 
can be greatly increased, for example, by bending it in the form of a 
spiral. The flow time may be increased, either by decreasing the radius or 
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by using a more viscous solvent. A practical limit is soon reached, however, 
beyond which a decrease in the radius of the capillary is unsatisfactory, 
due to the fact that the slightest contamination of the solutions by dust 
or by tiny gel particles will make viscosity determinations impossible. In 
our laboratories we have an Ubbelohde viscometer which gives for water 
a flow time of about 300 sec. at 25°C. In about half of the determinations 
made with this viscometer, difficulty is encountered due to contamination 
of the solutions, and we feel that its diameter (approximately 0.5 mm.) 


Fig. 1. Comparison of conventional (left) and modified (right) Ubbelohde viscometers. 


represents about the lower limit beyond which it is undesirable to de- 
crease capillary size. When it is practical, the use of a more viscous solvent 
18 a satisfactory way of avoiding the necessity of using small capillaries 
with their resultant difficulties, while still obtaining adequate flow times. 
In all cases, the kinetic energy correction, determined by calibrating the 
viscometer with two known liquids should be applied as long as it is as 
great as, or greater than, the stop watch error (approximately 0.2 sec.). 

The second difficulty we wish to discuss is one which’ may be en- 
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countered in accurate viscosity determinations, and which has already 
been mentioned, namely, erroneous flow times caused by partial plugging 
of the capillary by either dust or small gel particles, which are sometimes 
present in the solution being measured. In some cases this error may be 
overcome by filtering the solutions through a medium porosity sintered 
glass filter, or even by straining through a 100-mesh stainless steel screen. 
This procedure, however, suffers from the inherent disadvantage that 
dust from the air can get back into the solutions during ordinary manipu- 
lation, and there is always the danger of the concentration changing 
during the filtering operation, particularly if volatile solvents are used. 
These difficulties due to dust and gel may be eliminated by using a viscom- 
eter with a larger capillary radius. This procedure, however, in turn 
leads to lower flow times and higher kinetic energy corrections with their 
attendant uncertainties, unless this can be offset by using a higher viscos- 
ity solvent. 

Fig. 1 shows, together with the conventional model, a modified Ubbe- 
lohde viscometer which has been evolved in our laboratory. This improved 
viscometer is similar to the usual commercial model in all respects except 
that the sample reservoir has been modified so as to have a capacity of 
about 120 ml. Since only 12 ml. of solution is required to determine a 
viscosity, using this instrument, it can be seen that such a sample, after it 
has been put into the viscometer, may be diluted by suitable solvent 
additions to as much as one-tenth of its original concentration. It has 
been found that, for standardized intrinsic viscosity measurements, this 
procedure of diluting in the viscometer markedly improves the precision of 
the results. In addition, when such dilutions are made, the sample is sub- 
jected to less handling and exposure to the air than when a stock solution 
is diluted in a separate vessel ; consequently, the danger of dust contamin- 
ation is minimized. The time necessary for adequate mixing of the diluted 
solutions averages about 5 min. 

The effect of varying velocity gradients has been found to be negligible 
when low values (up to 5) of specific viscosity are being determined. The 
usual range of shear rates encountered in such measurements is about 
200 to 500 reciprocal seconds. 

Volume errors introduced in loading the viscometer may lead to consid- 
erable errors in viscosity in the case of the Ostwald viscometer. This 
source of error is minimized in the case of the Cannon-Fenske viscometer 
and is absent in the case of the Ubbelohde. 

The observed viscosities are a very sensitive function of the concen- 
tration, and errors here lead to considerable uncertainty in the intrinsic 
viscosity. It has been found in this laboratory that dilution of a stock 
solution by volume in an Ubbelohde viscometer minimizes concentration 
errors, particularly when these measurements are being carried out by 


316 WwW. E. DAVIS AND J. H. ELLIOTT 


nontechnical personnel. Weight dilution is more accurate than volume 
dilution in the viscometer itself, but is not justified because of the other 
errors inherent in the viscosity determinations. Weight dilution, however, 
makes it possible to assume that the concentration of the various solutions 
is exact, thereby permitting a least-square determination of intrinsic 
viscosity. Concentration errors are generally caused by evaporation of 
the solvent during handling and diluting of the various solutions. This 
error may be minimized by diluting in the viscometer, preferably em- 
ploying a solvent of low volatility. 


TREATMENT OF DaTA 


The above observations on technique cover only part of the problem of 
determining intrinsic viscosity. Having obtained a good set of data, it is 
essential that it be treated so as to yield the maximum of useful informa- 
tion with the least expenditure of time and effort. In handling viscosity 
data obtained in the form of a series of flow times in a given viscometer on 
a routine basis, several extremely advantageous short cuts have been 
found. For example, in calibrating the viscometers, the kinetic energy 
correction is calculated by substituting two sets of values of 7, d, and ¢ in 


the equation 
c 


so that thereafter it is possible to calculate very rapidly the value of 
eye ; 
( - ‘), 2.e., the flow time corrected for the kinetic energy effect. It may 


be noted here that this correction seldom exceeds 0.5% of the flow time 
and is usually well below 0.3% when the methods discussed above for 
obtaining flow times are followed. 

For the purpose of calculating intrinsic viscosity, it is not necessary 
actually to calculate the solution viscosities. Our usual practice is to 
determine intrinsic flow time; the error involved in so doing is negligible, 
as is shown in a later portion of this discussion. However, when reporting 
the results of routine determinations of intrinsic viscosity, the person who 
requested the work is given the actual viscosity figures. This serves two 
purposes: (1) the person who requested the work may wish to calculate 
the intrinsic viscosity himself, and may not be familiar with the fact that 
flow times can be used just as well as viscosities; (2) calculation of the 
viscosity of the solvent serves as a check on the absence of systematic 
errors. 

_The next step in the determination is to convert the data to specific 
viscosities (sp) or flow times and these to reduced viscosities (nep/C) Or 
reduced flow times. In this latter calculation the actual values of concen- 
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tration are not essential ; we assume that the original solution turned in for 
determination of intrinsic viscosity is of 1% concentration and make all 
the calculations on that basis. Then, the reported intrinsic viscosity need 
only be divided by the true concentration of the original solution to ob- 
tain the true intrinsic viscosity. Since the usual dilution ratios used in the 
volume dilution are 3, 3, 2, 3, 1, and }, this simplifies to a considerable 
extent the calculation of reduced flow times. 

Since intrinsic viscosity is defined as the limit of reduced viscosity as the 
concentration approaches zero, some sort of extrapolation is necessary. 
This is usually a graphical extrapolation, but whether graphical or by some 
more elaborate statistical method, it is essential that the function plotted 
be a linear function of concentration. Also, this linearity should hold and 
the data should be taken over a range of concentrations several times 
(in our work 5-15 times) the range of the extrapolation. These require- 
ments are best filled by the Martin (1) and Baker (2) equations: 


log nsp/e = log [n] + AL n Jc, (1) 
ne = (1 + BEY” (2) 


Both of these equations are used in our work. The Baker equation is 
particularly useful in that it affords an accurate representation of viscos- 
ity data up to higher concentrations than the Martin equation. However, 
in order to plot the Baker equation, the exponent a must be known, and 
this involves a series of trials of different values of a to see which one gives 
the best straight line. When the viscosity data are for low concentrations 
this decision is not easy because in plotting 7,1/* against c the low power of 
n, makes the linearity relatively insensitive to variations in a at low values 
of 7,. Fortunately, the value of [7] obtained is also relatively insensitive 
to variations in a when the concentrations are low, so that the practice, 
recently become fairly common in the literature, of using a = 8 for all 
systems can yield good values of [7]. 

When Eas. (1) and (2) are solved for 7.» and the resulting expressions 
expanded as power series in [7 |c, it becomes apparent that, at low concen- 
tration, k and a are connected by the relation 


@—1 _ 9393 k. (3) 
2a 


Any variation in k must be accompanied by a corresponding change in a, 
and, as the data in Table I show, k quite commonly varies from 0.15 to 
0.20 for a single system, which corresponds to a change in a from 3.2 to 13, 
approximately. Since, as discussed below, it is frequently desirable to know 
something about the comparative concentration behavior of viscosity for 
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several samples, and the Baker equation is quite unadapted to show up 
such variations, the Martin equation is usually employed in handling data 
at low concentrations. It gives, in a single plot, values of both [» ] and the 
slope constant k. The latter may, to a first approximation, be considered 
as a constant for a given solute-solvent system; that it varies with both 


TABLE I 
Slope Constants of Various Nitrocelluloses 
Nature of sample k in Martin Eq. 
Head fraction of cellulose nitrate 0.17 
Tail fraction of cellulose nitrate 0.15 
Low-viscosity cellulose nitrate 0.16 
High-viscosity cellulose nitrate 0.20 
Cellulose nitrated with H3;PO, mixture 0.20 
Cellulose nitrated with acetic acid mixture 0.18 


solute and solvent is shown in Table II. Examination of numerous values 
of k for asingle solute-solvent system shows, however, that variations in k 
occur which are greater than experimental error and, moreover, are 
susceptible of explanation on the basis of known variations in the struc- 
ture of the solute. This is the case with the data for nitrocellulose in Table 


TABLE II 
Slope Constants for Various Solutes and Solvents 
Solute Solvent Average k 
Cellulose Cuprammonium 0.12 
Cellulose Cupriethylenediamine 0.18 
Cellulose nitrate Acetone 0.16 
Cellulose acetate Acetone 0.19 


I. It is apparent that a given cellulose nitrated with a mixture containing 
phosphoric acid has a higher k than the same cellulose nitrated with a 
mixture in which the diluent is acetic acid. Also, of a series of samples all 
nitrated with the phosphoric mixture, those with higher [n] tend to have 
higher values of k and, on fractionation, the material with high k tends to 
concentrate in the first fractions. These phenomena are all consistent with 
the idea that variations in k can be due to presence in the polymer of a 
group, such as —OPO;Hz, capable of creating a strong attraction between 


TABLE III 
Variations in Slope Constant for Ethyl Cellulose 
Nature of sample kin Martin Eq. 
No bound metal 0.148 
0.02 meq. COOH /g., neutralized with Ba 0.240 
0.03 meq. COOH /g., neutralized with Ba 0.285 


0.03 meg. COOH /g., neutralized with Na 0.163 
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chains. This is shown even more clearly by the data for ethylcellulose in 
Table III, where the slope constant depends on the carboxyl content of the 
polymer and on the amount of divalent metal ion present. Such variations, 
which are frequently of significance in connection with other properties of 
cellulose derivatives, are most easily detected by use of the Martin 
equation. 


TABLE IV 
Fit of Data for Cellulose Nitrate with Martin Equation 
Concentration Log reduced viscosity (log 7sp/c) 
g./100 g. Observed For least-squares line 
0.0998 1.348 1.348 
0.0596 1.242 1.242 
0.0445 1.203 1.203 
0.0291 1.162 1.162 
0.0086 1.109 1.109 
0.1010 1.387 1.382 
0.0602 1.282 1.284 
0.0450 1.241 1.247 
0.0294 1.202 1.209 
0.0087 1.169 1.159 
0.0980 1.061 1.063 
0.0568 1.002 1.001 
0.0416 0.979 0.979 
0.0263 0.958 0.956 
0.0066 0.925 0.927 
0.0980 0.672 0.669 
0.0586 0.644 0.645 
0.0438 0.635 0.637 
0.0288 0.623 0.628 
0.0088 0.622 0.616 
0.0613 1.451 1.450 
0.0366 1.356 1.359 
0.0274 1.325 1.325 
0.0181 1.292 1.290 
0.0055 1.243 1.245 


in applying the Martin equation to a given set of data, the question 
sometimes arises whether the concentrations should be in g./100 ml. or 
g./100 g. It is apparent from an examination of Eq. (1) that the straight 
line relation cannot hold in both cases. However, the deviation depends 
only on the rate of increase of density with concentration and, as this is 
usually small, the difference is within experimental error. The values of k 
obtained when concentrations in g./100 g. are used will be slightly higher 
than that obtained with concentrations in g./100 ml., while if [7] is the 
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intrinsic viscosity based on g./100 g., [], that based on g. /100 ml., 


[nw = [njodo, 


where d, is the density of the solvent. It might also be pointed out here 
that the use of flow times in place of actual viscosities has no effect on 
[n], and gives a slightly lower value of k, thus helping to compensate for 
the use of concentrations in g./100 g. 

Finally, by way of illustration, the data in Table IV are presented to 
show the goodness of fit for viscosity data with the Martin equation. It 
can be seen that this is very good, and, in fact, taking into account the 
standard deviations in calibrating the viscometer and determining the 
flow times on the unknown, it can be shown that the standard deviation 
in [7] is almost always less than 2% and frequently less than 1%. 

Using the dilution viscometer on a routine basis, duplicate determina- 
tions of intrinsic viscosity generally give results showing a maximum 
spread of 2% of the average. 


SUMMARY 


To summarize, the points which appear to us of importance in making 
rapid, accurate determinations of [7] and at the same time obtaining as 
much accessory information as possible are as follows: 


(1) Filtration of all solutions (including solvent) and exclusion of dust 
from all apparatus to as great an extent as possible; 

(2) Use of a viscometer with a large enough capillary to reduce diffi- 
culties due to residual dust, together with a high-viscosity solvent to give 
higher flow times; 

(3) For rapid work, dilution by volume in the viscometer; for most 
accurate work, dilution by weight using a solvent of low volatility to 
reduce concentration errors; 

(4) Application of the kinetic energy correction whenever it equals or 
exceeds stop watch error; 

¥ Use of flow times rather than actual viscositites for calculation of 
Nsp/C; 

(6) Optionally, use of artificial concentrations based on assumption that 
stock solution is 1%, followed by correction of intrinsic viscosity to basis 
of true concentration ; 

(7) Extrapolation of n.»/c to infinite dilution by means of the Martin 
equation, whereby both [7] and the slope constant are obtained. 
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ABSTRACT 


The rising-column capillary viscometer has been adapted to the de- 
termination of the viscosity of liquids having viscosities of 10*-10° poises 
or higher. The operation of this instrument has been analyzed, taking into 
account apparatus constants and sources of error such as kinetic energy, 
surface tension, annular pressure drop, and possible end effects. Several 
forms for the equation for the viscosity in terms of apparatus constants 
and applied pressure are presented and their range of applicability 
analyzed. Based on this analysis, a set of instruments has been constructed 
and tested with hydroabietyl alcohol (50,000—75,000 poises) at room tem- 
perature. The results were checked by determination of the viscosity by 
the falling-ball method at comparable maximum shear rates, 0.001-0.015 
sec.—!, The results by these independent methods are in good agreement. 


INTRODUCTION 


The rising-column capillary viscometer has been in use for a number 
of years. Pochettino (1) in 1914 used it to determine the viscosity of 
bituminous materials. Rhodes, Volkmann and Barker (2) have extended 
the mathematical foundation, and Flory (3) has used the method to deter- 
mine the viscosity of molten linear polyesters. 

This method has been in use in our laboratories for about 10 years for 
the determination of the viscosity of a molten dark-colored resin. An 
extension of this method was, therefore, considered when it recently 
became necessary to determine the viscosity of polymer solutions having 
viscosities of 10*-10° poises or above. It was also desired to examine these 
solutions at very low maximum shear rates and to investigate the effect 
of different maximum shear rates. 

The rising-column capillary viscometer is shown schematically in 
Fig. 1. It offers a number of advantages for this type of investigation. 
A wide range of viscosities may be measured by this type of instrument, 
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since, by a judicious selection of tube radius, length of flow, and applied 
pressure, determinations may be made in a reasonable time. In addition, 
by suitable changes in applied pressure, measurements at a number of 
shear rates can be made consecutively with only one charging of the 
viscometer. This is particularly true if the length of flow per determina- 
tion is kept small, which was done in this work. Use of a cathetometer to 
measure this length permits a length of 2 mm. to be used with no loss in 
accuracy. This type of viscometer has the further advantages that only a 
small sample is required, the entire apparatus may be immersed in a 


Fic. 1. Schematic diagram of rising-column capillary viscometer. 


liquid thermostat, it is easy to clean, and bubbles in the liquid under 
investigation, which are particularly troublesome in measurements on 
high-viscosity materials, may be removed before the capillary is immersed. 

After preliminary experimentation, it was found that the viscosities 
calculated from instrument constants, using the equation given by 
Rhodes, Volkmann and Barker (2), were not in good agreement with 
simultaneous measurements made on the same liquid by the falling-ball 
method. This is undoubtedly due to the markedly different conditions of 
operation used in the present work, namely, low pressures, short length 
of capillary filled by the liquid, larger capillary radii, relatively small 
annulus, and small lengths of flow. It was also suspected that errors due 
to surface tension, annular pressure drop, and possible end effects might 
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be present. Therefore, an analysis of the instrument was carried out so 
that apparatus constants and operating conditions could be selected to 
eliminate or minimize errors. 

Fig. 1 shows the essential dimensions of the viscometer, together with 
their symbols. Pochettino calculated viscosity in poises (n) using the 
equation: 

gHyrAt 
Ye 4(1,? = 1,2) (1) 


where H is the applied pressure in cm. of water. This is simply Poiseuille’s 
Law and does not take into account the effect of the column height on 
the applied pressure. H. Rhodes, Volkmann and Barker (2) took this 
static head of the column into account, and derived the following equation: 


25At 
1 = 7 ; (2) 
(S+a)-2 
8 (2 +2) nf —4_ (y= 1) 
; (Sta) oh 


where p is the density of the liquid and \ is the length of capillary 
submerged in the sample. In our preliminary experiments the change in 
d\ amounted to 2-4% of the change in / during the course of a measure- 
ment. An attempt to correct for this by modifying Eq. 2 by inserting the 
true final effective pressure in the logarithmic term gave: 


me 


As will be shown later, this equation was unsatisfactory. Therefore, an 
analysis of the instrument was carried out considering ) as a variable. 

Referring to Fig. 1, H is the external pressure in g./cm.” under which, 
in time At, the liquid of density p(g./cm.*) flows from 1; to /2 in the capil- 
lary and ), to dz in the annulus. At any instant Poiseuille’s Law will be 
obeyed (kinetic energy correction negligible) 


8SIAV ’ 


2 
gyi pAt —_ (3) 


where P is the effective pressure, and AV /At is the volume rate of flow. 
This reduces to: 
a gf PAY 


= 5 
i SIAl (5) 
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The instantaneous pressure is given by: 
P = H + pa — al. (6) 
It is obvious that / and ) are related since: 
— r(r32 — ro2)AX = mryAl, (7) 


where 73 is the radius of the container and r2 is the outer radius of the 
capillary. 


re 
— Ad = AAl, where A= ; 
1 af ae Pe Na) 
\ at any instant is given by: 
A=A + AL — | (8) 
Substituting this value in Eq. 6 
ee Ge H +-pd1 + Ap(li — 1) — ol, (9) 
or P = H+ ps1 + Apl; — pl(A + 1). 


This value of P is now substituted into Eq. 5, the differences changed to 
differentials, and the resulting equation integrated between the limits 1, 
at t; and I, at te. This leads to the following expression for 7: 


pgr7At(A +1)? 


% Be, 
8 (F+a.+40) 1 eee ume yes 
it Bah) I 


7 (10) 


As has been pointed out by earlier workers (2), this type of equation 
is arithmetically weak when ‘the two terms in the denominator become 
nearly equal, which is the case when the viscosity is very high (> 105 
poises). The term (/; — J,) is determined experimentally and amounts to 
a fraction of a centimeter, estimated to 4 decimal places. The difference 
between the terms in the denominator is then known to only two sig- 
nificant figures. To overcome this difficulty, Eq. 10 was expanded in 
series form to give: 


= grivAt 
‘ 5( 72a, oS weep » Gy 
H+ + eA" (+o +pAhy + 


a BA 1) JA el ee) 
(H + pdr + pAl,)” 
This equation (11) is equally useful in both the high- and low-viscosity 


ranges. When H is less than 3 times the magnitude of 1, however, the 
series converges quite slowly and the solution becomes quite burdeneonle. 
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Since solutions of all the above equations for viscosity in terms of 
instrument constants involve laborious calculations, an equation 


_ gr®(H — pla — d) Jat 
Ee 81,Al , 


Lael 
2 


(12) 


was derived from Poiseuille’s Law. Here 1, = ? and 2 is an assumed 


constant depth of immersion. 

Before the final viscometers were constructed it was considered de- 
sirable to establish the range of operating conditions under which each of 
these equations (2, 3, 10, 11, 12) would be valid. An instrument could then 
be designed for which the simplified Eq. (12) could be used for most of 
the expected experimental work. 

The ranges of synthetic data used for testing these equations are as 
follows: 


2 
av PA! _ 5000 g./sec. 


8 
p = 1.0000 g./cm.’ 
r, = 0.2000 cm. 
Ai = 1.0000 cm. 
t = 1000 sec. 
A = 0.0500 
1, = 1.0000 to 10.0000 cm. 
ls = 1.2000 to 10.2000 cm. 
Al = 0.2000 to 6.0000 cm. 


H = 4.000 to 109.000 g./cm.? 


These data are similar to those met under experimental conditions. Vari- 
ous combinations of these conditions were chosen and viscosities calcu- 
lated by each of these 5 equations. Eqs. 10 and 11 are theoretically correct 
and identical, and were used as a reference. Under certain conditions 
Eq. 10 lacks precision, and under others the series expansion in Eq. 11 
converges very slowly. In cases where the results calculated by these 
equations did not agree, the obviously appropriate equation was used. 

These calculations led to the following general conclusions: Eq. 2 
falls down under conditions where the logarithmic term is nearly equal 
to unity, which occurs when the applied pressure is high (about 50 cm. 
of H.O) and the measured length of flow is small. In addition, if the 
experimental conditions are such that the depth of immersion changes 
appreciably, this equation is inadequate. Eq. 3, which contains an ap- 
proximate correction for change in depth of immersion, is unsatisfactory 
in all cases tested, giving low values consistently and sometimes leading 
to grossly incorrect results. 
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Eq. 10, like Eq. 2, becomes arithmetically weak when the logarithmic 
term approaches unity. Eq. 11, which is mathematically equivalent to 
Eq. 10, converges very slowly when the net pressure is below 2 cm. of 
H,0, thus requiring the computation of an unreasonable number of terms. 

Since it was desired to utilize the arithmetically simple Eq. 12 with 
the final viscometers, the conditions under which its use is possible were 
carefully investigated. As would be expected, it is inapplicable when there 
is any appreciable change in the depth of immersion. In addition, the 
change in length of filled capillary must be kept small, since, when this 
changes by a factor of two or more, the time average length differs 
appreciably from the simple average length used in this equation. With 
sufficiently small lengths of flow, where the simple average may be safely 
used, any kinetic energy correction vanishes, since we have essentially 
uniform flow through a portion of a long tube (4). 

It was thought that the pressure drop in the annulus might be appre- 
ciable. This was calculated using the equation given by Page (5). 


Vo as = 7 APR. ; 3 (73? — fo") 

Pee mt 8 ee Ey 1 

Bil [rt #8) ail (13) 
T2 


where V is the volume of liquid discharged. It was found that, under any 
reasonable operating conditions, this annular pressure drop necessitated 
an insignificant correction to the applied pressure. The surface tensions 
of typical liquids to be investigated were measured, and a maximum 
pressure effect of 0.2 g./cm.? calculated. For conditions of low pressure 
and short length of filled capillary this effect may amount to 5-6%, but, 
with higher pressures and greater lengths of filled capillary, this effect is 
reduced to 0.2%. The final correction considered was the so-called end 
effect which consists of a hypothetical addition of the length of the capil- 
lary to account for the resistance in the sample caused by converging 
stream lines. The literature is by no means clear on the exact magnitude 
of this effect or even on its existence (6,7). A reasonable maximum correc- 
tion for this effect, assuming its existence, is an addition to the length of 
the tube equal to one tube radius. Such an addition introduces a consider- 
able correction when the height of liquid column is short, but becomes a 
maximum of 2% when the height is 10 cm. or greater. 

Based on the above analysis, rising-column capillary viscometers were 
designed and constructed to incorporate the following operating features 
which permit the use of the simplified Eq. 12: 


1. Change in depth of immersion negligible. 
2. Change in height of filled capillary during measurement less than 
5% of the average height. 
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3. Height of liquid in the capillary in the range of 8-12 cm. 
4. Flow measured over intervals of less than 1 cm., using a cathe- 
tometer. 


EXPERIMENTAL 


The viscometer used in this work is shown in Fig. 2. In this particular 
instrument, 71 is 0.3846 cm., 7: 0.6406 cm., and r; 1.0948 cm. (See Fig. 1 
for definition of terms.) 7; was measured directly with a cathetometer and 
rz with micrometer calipers, while r; was calculated from weight measure- 
ments when loaded with mercury to 2 different levels. All are average 
values. A series of height and weight measurements on a mercury column 


12/5 Spherical Joint 


19/38 Taper 
Joint 


Fic. 2. Rising-column capillary viscometer. 


in the capillary showed a maximum variation of 2% in 7; over the length 
of the capillary. 

The experimental procedure was as follows: The viscometer vessel 
was loaded with hydroabietyl alcohol (Abitol ?) to a height 1 cm. above 
the bottom of the capillary. After allowing sufficient time for the bubbles 
to reach the surface of the sample, the capillary was inserted, and the 
assembled viscometer placed in the constant temperature bath. Nitrogen, 
applied under pressure to the side arm of the viscometer, forced the liquid 
up the clean capillary. After a height of 10 cm. was reached, a series of 


2 Registered trademark U.S. Pat. Off. 
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rate measurements was made under varying pressures. The meniscus was 
timed over a rise of not less than 2 mm. and over a time interval of not 
less than 2 min. All height measurements (A, l1, /2, and the manometer 
column) were made with a cathetometer.* In each series, 5 or more deter- 
minations were made before removing and cleaning the capillary. 

For comparison, the viscosity was determined by the falling-ball 
method, using a 2.5 X 35 cm. Pyrex tube and steel balls of diameters 
0.0620 in. and 0.2556 in. The tubes were loaded with a portion of the 
same sample used for the capillary viscometer. The two instruments were 
placed in the same constant-temperature water bath, and measurements 
carried out simultaneously. These precautions were necessary, owing to 
the great temperature coefficient of viscosity of hydroabietyl alcohol in 
this range. ‘The balls were timed for falls of 1 to 4 mm., with the balls at 
least 50 mm. apart and 50 mm. from the top or bottom of the tube. The 
time interval. was always greater than 3 min. 

Viscosities by the capillary method were calculated using Eq. 12, 
which is accurate to about +1% for these conditions. For the falling-ball 
method the Faxen modification of Stokes’ Law was used (8): 


; = ire = 2.104 (5 | +2.09(5) = 0.95() ), (14) 


where g is the acceleration of gravity; 
D is the density of the sphere; 
d is the density of the liquid; 
S is the distance fallen in time ¢; 
r is the radius of the sphere; 
Ff is the radius of the cylinder containing the liquid. 


The maximum shear rate for capillary viscometers is given by = (9), 
Ty 


while that for the falling-ball method is given by = (10). 


The compressed gas for operation of the viscometer is supplied by a 
reservoir, whose pressure was maintained by a suitable bubble tube. A 
mercury manometer, connected to the reservoir and read with the cathe- 
tometer, indicates the pressure applied to the side arm of the viscometer. 

The water bath, in which the viscometers were immersed, was 
equipped with cooling coils for use below room temperature. The tem- 
perature was controlled to approximately +0.02°C. In the high-viscosity 
range for hydroabietyl alcohol, this temperature variation will cause a 
viscosity variation of about +2%. 


* For pressures above 5 cm. of water, a mercury manometer was used and the readings 
converted to pressures in cm. of water. A Gaertner cathetometer with a range of 10 cm., 
which could be read to 0.0001 cm. was used for all length measurements. 
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TABLE I 


Viscosity Determinations on Hydroabietyl Alcohol 
Vertical capillary viscometer 


é Max. 
Temp. p Time M1 h le Al H Viscosity] shear 
rate 


(°C.) (g./cm.3) (sec.) (cm.) (cm.) (cm.) (cm.) (cm. H20) | (poises) (sec.—1) 
18.0 1.004 658.0 | 2.1608 | 10.2291] 10.4517] .2226 | 61.1949 | 70,420 | .00704 
18.0 1.004 | 3463.2 | 2.1276 | 11.2648] 11.4674) .2026 | 19.2294 | 69,580°| .00122 
18.0 1.004 | 1539.6 | 2.0856 | 11.8823] 12.1037] .2214 | 36.4059 | 71,400 | .00299 
19.0 1.003 591.0 | 1.9948 | 11.5940) 11.7914) .1974 | 54.3200 | 53,080 | .00695 
19.0 1.003 677.2 | 1.9967 | 11.9054! 12.1238] .2184 | 54.3200 | 53,080 | .00671 
19.0 1.003 462.0 | 1.9682 | 12.4334! 12.6427) .2093 | 76.2519 | 56,060 | .00903 
19.0 1.003 481.2 | 1.9570 | 12.7375] 12.9486] .2111 | 76.2519 | 53,910 | .00913 
19.0 1.003 339.6 | 1.9483 | 13.3082] 13.5462] .2380 |118.7666 | 52,990 | .01458 
19.0 1.003 343.6 | 1.9168'| 13.7166] 13.9476) .2310 |118.7666 | 53,400 | .01398 


Falling-ball method 


Diam. of : . Max 
Temp. p ( cco n iteadling. Reeding Drop Time Viscosity shear 
by te 
=7.80) ne 
(°C.) | (g./cm.3) (cm.) (em.) (cm.) (cm.) (sec.) ° (poises) (sec. —) 


18.0 | 1.004 | 0.1575 | 2.8054 | 2.5937 2117 1919.6 | 72,920 | .00210 
18.0 | 1.004 | 0.1575 | 2.5845 | 2.3719 .2126 1924.2 | 72,780 | .00211 
18.0 | 1.004 | 0.6492 | 3.3169 | 3.0834 .2339 218.0 | 71,100 | .00506 
18.0 | 1.004 | 0.6492 | 3.0508 | 2.8130 .2378 229.2 | 73,400 | .00490 
19.0 | 1.003 | 0.1575 | 6.1466 | 6.0164 .1302 860.4 | 53,146 | .00288 
19.0 | 1.003 | 0.6492 | 5.0583 | 4.7108 8475 233.4 | 51,1380 | .00703 
19.0 | 1.003 | 0.6492 | 4.6007 | 4.2866 3147 213.0 | 51,550 | .00698 
19.0 | 1.003 | 0.6492 | 4.1754 | 3.9006 2748 184.4 | 51,100 | .00704 
19.0 | 1.003 | 0.1575 | 6.0020 | 5.7993 .2027 1365.8 | 54,196 | .00283 


DIscussION 


Table I and Figs. 3 and 4 show the results obtained where this rising- 
column capillary viscometer was used to determine the viscosity of hydro- 
abietyl alcohol at 18.0 and 19.0°C. These results are compared with 
simultaneous measurements made using the falling-ball method. The 
viscosity was plotted against maximum shear rate, because it was sus- 
pected that hydroabietyl alcohol might exhibit non-Newtonian behavior. 
No evidence of such behavior was found. It will be noted that viscosities 
determined by these two methods are in good agreement, the deviations 
being random and of the order of +2%. Part of this deviation is undoubt- 
edly due to inadequate temperature control, as previously mentioned. 

This work demonstrated the correctness of the design and selection of 
operating conditions of the rising-column capillary viscometer. It has 
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Fic. 3. Viscosity of hydroabietyl alcohol at 19.0°C. 
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Fig. 4. Viscosity of hydroabietyl alcohol at 18.0°C. 


been used in our laboratories to investigate the rheological properties of 
polymer solutions over the range of viscosities 5,000—130,000 poises. 

For this type of investigation, the particular advantages of this vis- 
cometer—namely, small sample required, ease of removing bubbles, and 
very low but continuously variable maximum shear rates—enabled 


measurements to be made under conditions where other common visco- 
metric methods are impractical. 
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INTRODUCTION 


The interpretation of observations on laminar flow of non-Newtonian 
liquids and plastic solids in straight tubes, in particular the detection of 
anomalous behavior near the tube wall, has received considerable atten- 
tion in the literature [cf. Scott Blair (1) ]. Recent experiments in this 
laboratory on flow of high-polymer solutions through tubes are described 
by Toms (2,3). The observation of some unexpectedly high rates of flow 
when the mainstream is turbulent may, it is thought, indicate a per- 
sistence of anomalous behavior near the tube wall, even when the main- 
stream has ceased to be laminar. A method has been suggested elsewhere 
(4) for detecting a wall effect when the main stream is fully turbulent; 
in the present paper, we consider the methods that are available for 
interpreting observations on laminar flow through straight tubes of uni- 
form circular cross-section. We are not concerned here with end correc- 
tions, but shall assume that a sufficient number of readings with different 
tube lengths are available, so that the pressure gradient in the region of 
steady flow is known as a function of the volume rate of flow. We may 
then assume that we are dealing with smoothed data rather than discrete 


observations. 
The following notation is used: 


a internal radius of tube. 
ér; Yate-of-strain tensor component in shear (30w/dr in axially symmetric rectilinear 
flow). 
p isotropic pressure, assumed a linear function of z only. 
Prz stress tensor component in shear. 
Q volume rate of flow. 
r radial distance from axis of tube. 
w velocity component in z-direction, assumed a function of r only. 
z distance measured along tube axis in direction of flow. 
« thickness of anisotropic layer near tube wall. 
t éffective slip coefficient at tube wall. 
to, 1 limiting values at low and at high stresses, respectively. 
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n viscosity. 
no, m1 limiting viscosities at low and at high rates of shear. 
3 Bingham yield value, defined as the intercept on the stress axis of the asymptote 
to the stress/rate-of-strain curve. 
p density (constant). 
a,a9 variables of the ‘‘sigma phenomenon” (5). 
t+ — 3adp/dz, the shear stress at the tube wall. 
¢ — 8Q/(xa‘dp/dz), the apparent fluidity as defined by Poiseuille’s formula. 


Several authors (5,6,7,8) have pointed out that, on the assumptions of 


(i) rectilinear flow with axial symmetry (w, a function of r only, as the 
only velocity component), 
(ii) the absence of slip at the wall (w = 0 on r = a), 
(iii) a functional relationship in simple shear connecting rate of strain 
and shear stress 


Crz = LPrs); (1) 


the odd function f being completely defined by physical constants of 
the material, 


the functional relationship connecting Q/(ma*) and 7 (or ¢ and 7) is inde- 
pendent of tube diameter. The relationship is given by Schofield and 


Scott Blair (5) as 
= = seth Ed [/s@ae. 
Ta 4 hs 0 t 


After an integration by parts, it may be written in the form 


= 5 ‘ef @de = FA/n, (2) 


where 


F(é) 


ll 


1 
get [ * ay(a)de. (3) 

e/0 

It is suggested that from the observed dp/dz and Q, ¢ be plotted 
against 1/7 for different tube diameters on the same diagram. When 
(¢, 1/r) curves for different diameters coincide, this method appears to 
have advantages over others. If the curves show a spread, we conclude— 
as with (¢, r) or [Q/(¢a'), 7] curves (5,9)—that the assumption (iii) needs 
modification near the tube wall. The two possibilities are considered 
separately below. In all cases, the relationship (Eq. 1) is assumed to hold 
in steady flow in the bulk of the material remote from boundaries. The 
viscosity 7, a function of shear stress (or of rate of strain) is defined by 
1/(2n) = f(Prz)/Pre; in particular 1/(2n0) = f’(0), and 1/(2m) = f’(@). 


Isotropic MATERIALS 


If the (¢, 1/7) curve is unique, there is justification for assuming that 
the liquid (or plastic solid) is behaving isotropically everywhere, including 
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the immediate neighborhood of the wall. Then the even function F is 
known (graphically) and the stress/rate-of-strain relationship (Eq. 1) can 
in theory be deduced by noting that 


fom 4 He /é)). (4) 


(Cf. Rabinowitch (6) and Mooney (8), who give a formula for rate of 
shear at the wall as a function of 7 involving differentiation of a known 
functional relationship.) In practice, a very sharply defined smooth curve 
is needed before the differentiation involved in Eq. (4) can be carried out 
numerically. But a good deal of qualitative, and some quantitative, in- 
formation about the function f can be deduced simply by inspection of 
the (¢, 1/r) graph. This is best achieved by recording for comparison the 
¢ = F(1/r) curves which correspond to some of the simple idealized 
forms of e¢,, = f(prz) curves as follows. Since f is defined to be an odd 
function, it suffices to restrict attention to positive arguments. 

a. Newtonian Liquid. For a liquid of constant viscosity m, f(&) 
= £/(2m), and it is easily verified by substituting in Eq. (3) and inte- 
grating that F(é) = 1/m. The apparent fluidity F(1/r) is a constant, as 
it must be. More generally, if the experimental values of ¢ and 1/7 are 
plotted to give a graphical representation of ¢ = F(1/r), the departure 
from the form ¢ = constant is a measure of the extent to which the liquid 
is not Newtonian. 

b. Bingham Solid. A plastic material with yield value 3 and constant 
mobility 71 gives 


i(Se=i0 (— < 9), 
F(SSs Ei) (E20); 
F(é) = (1 — $08 + 30%E4)/m = (E < 1/9), 
Eiouz.0 (— 2 1/8). 


c. Liquid with Viscosity Decreasing as Rate of Shear Increases. A liquid 
with yo > mand Bingham yield value # is represented by an idealization in 
which the stress/rate-of-strain curve consists of two straight lines, thus: 


F(E) = 3&/n0 LE < nod/(n0 — m) J, 

f(® = HE — 9)/m LE > 200/(n0 — m) J; 

F(é) = [1 — 40& + 4mo%d4E4/(mo — m1)? ]/m = LE < (m0 — m1) /(no8) J, 

F(E) = 1/no LE > (mo — )/(no®) J. 

d. Liquid with Viscosity Increasing as Rate of Shear Increases. The 
idealization of this case is formally the same as (c) with mo < m and a 
negative value of v. 

Graphical representations of f(g) and F(£) are given in Figs. 1 and 2 
for the cases (a), (b), (c) with no = 5m/3, and (d) with mo = 3/5 and 
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9 as Bingham yield value. It is seen that distinct forms of (¢, 1/7) 
curves result from distinct forms of stress/rate-of-strain curves. It should, 
therefore, be possible, with this method of plotting, to see at a glance the 
manner in which any particular liquid under consideration departs from 
Newtonian behavior. The general character of the stress/rate-of-strain 
relationship can be inferred by comparing an observed ¢ = F(1 /r) graph 
with the special forms (a), (b), (c), (d), without detailed analysis of par- 
ticular deviations from these types. It is also possible to obtain quantita- 
tive information about the function f by inspection of F(1/r) in the limit- 
ing cases of 7 small and 7 large in the following way. 


€,7 = (P;2) 


Fic. 1. Some idealized stress/rate-of-strain relationships. 


p=F(I/t) 


(d) with 9923, and -s 
as Bingham yield value 


-3/(49) ie) 3/(45) 15 2/s 


Fic. 2. The corresponding (¢, 1/7) curves. 


A Brief Analysis of the General (¢, 1/7) Curve. For small rates of strain, 
we may write 


jo & phono 


2n0 | a! See 8 
and hence, for small 7, Eq. (3) gives 
F(1/r) = 1/mo + $f"(O)r + 3f'"(0)7? + «+>. (5) 


The limiting value of F(1/r) as 1/7 tends to infinity is 1/n9. 
For sufficiently large rates of strain, we assume the viscosity tends to 
a finite value and the stress/rate-of-strain curve has an asymptote 
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Cre = 3(Prz — #)/m. Then, for large 7, Eq. (3) gives 


F(1/r) = { 1 2[a — & + O(1/z) dx + constant } 


fabs _ 40 | 
=F! eg (6) 
If the curve ¢ = F(1/r) is well defined ! near 1/7 = 0, values of 7»; and 3 


are given by the ordinate and slope of tangent at 1/r = 0; more precisely, 


this tangent has intercepts 1/n, and 3/(40) on the ¢ and 1 /T axes, as in 
Fig. 3. 


Crz 


Slope of tangent 


I2n9) 


N 
\_— Tangent at 
be \/r=0 


3/(49) AGE 


Fic. 3. The general case. 


By these simple constructions, the tangent at the origin and the 
asymptote of the stress/rate-of-strain curve are defined (cf. Fig. 3A). It 
is claimed as an advantage of the present method of plotting over others 
that it is not necessary to estimate the slope and intercept of the asymp- 
tote of a drawn curve, sometimes a hazardous operation. 

In the above special cases (b) and (c), F(é) appears as a decreasing 
function of £. If F(1/7) is observed to increase with 1/7 at any value of 
1/r, it is easily proved that the viscosity must increase with increasing 
shear stress in some range of stress. For, from Eq. (3), 


cy is 4 (7 ff) fo | 
1p peas 2 =e oe aes JANES oy Nahas 3 
IF'(1/2) = 5 J xif(a)de — f(r) = 4 f {Ae fb ade. (7 
If F’(1/r) can be positive, f(x)/x > f(r)/r for a range of values of x less 
than 7 and, from continuity, f(z)/x must decrease in part of that range 


1 Care must be taken to exclude points corresponding to non-laminar flow at high 
pressure gradients, ¢.g., points at A, B, C, for different tube diameters in Fig. 3. The 
points at A arise from turbulent flow in a wider tube and the points C in a narrower tub2 
than B. Laminar flow will persist up to larger values of r in narrower tubes. 
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In other words, 7 increases with p,, in a certain range of values of Dyz. 
The point is clearly illustrated by case (d) above. The converse theorem 
is not true. 


WaLL EFFECTS 


Near the wall of the tube the shear strain may not be a function of 
shear stress alone. The wall introduces a preferred direction; and at the} 
wall an otherwise isotropic material may behave anisotropically—for 
example, if there are polymer molecules in solution and a constraint is} 
imposed by the wall on the rotational freedom of the molecules near the} 
wall. The assumptions of rectilinear flow and of zero slip at the boundary 
are retained, but assumption (iii) is not valid everywhere and Eq. (2) 
cannot be deduced: ¢ will depend on a as well as on +. Several (¢, 1/7) 
curves will be observed, one for each value of a. It is usually found in 
such cases that the apparent fluidity increases as a decreases. 

A good description of the expected velocity profile is given by Schofield 
(10). His treatment suggests that, as a mathematical device to obtain a 
first approximation, we may replace a thin abnormal layer near the wall 
by a modified boundary condition 


W = Wa on (pS Us 


in investigating the new (Q, dp/dz) relationship; wa represents an effective 
velocity of slip at the wall. Reiner (9) has shown that the effect of such 
a boundary condition is to replace Eq. (2) by the relation 


= F(1/r) + 4wa/(ar). (8) 


In general, w. may be supposed a function of 7, the shear stress at the 
wall, and, for small stresses, proportional to 7. For larger 7, it is possible 
that wa does not increase indefinitely but remains bounded; in any case, 
it is plausible to assume that w,/r remains bounded. Then ¢ — F(1/r) 
may be, say, roughly proportional to 1/7 for large 7 and roughly constant 
for smaller 7, being also inversely proportional to a. Instead of the con- 
tinuous line representing ¢ = F(1/r) in Fig. 3, it is possible that a series 
of curves indicated by dotted lines could be observed for different a. 
If one of these curves were used uncorrected as a representation of 
¢ = F(1/r), a completely false picture of the stress/rate-of-strain rela- 
tionship would be obtained. In particular, a single observed curve showing 
an increase of ¢ with 1/7 at large t may be a manifestation of a wall effect’ 
rather than an indication either that viscosity increases with the rate of | : 
shear at large rates of shear or that the flow is non-laminar. | 

The connection between the stress/rate-of-strain relationship and the 
($, 1/7) curves can be obtained, without introducing the existence of an 
effective velocity of slip as a separate postulate at the outset, in the 
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following way. We suppose Eq. (1) to hold in the main body of liquid 
flowing in a pipe, the coefficients of f involving only (scalar) physical 
constants of the material. In a layer of thickness e (independent of a) next 
to the wall, we suppose the rate of strain is a function, depending on e, 
of the stress rr/a and of the distance from the wall a — r, so that we 
may write 


ld 

~59 7 1(=) Ca qiacoraees} 
ldw YT YT 

~39 71(Z)+a(eZ,a-r) @-e<rca, 


where the coefficients in g involve only physical constants of the material. 
From the assumption of no slip at the wall, it follows that 


Q= 2% fry ( =) drt anf" (6 Zar) ar 
0 a a—e : a 


and the equation replacing Eq. (2) is, therefore, 


b= FU) +E [Bole ba — at/n)ae, 


(1—€/a) 


g = F(1/r) + Ge, a, 7). (9) 


If « is very small compared with a, it may be supposed a function of the 
stress at the wall 7 alone, so that 


@ = F(1/r) + Gea, 7). (10) 
We have, approximately, 


f 8/ ) b) 

$ = F(1/7) + aul gle, 7, a — at/r)dé = F(1/r) + Ae 
7(1—e€/a) 

where 


g 
Rear el= f gle, 7, ear. 
0 


The coefficients of h involve only physical constants of the material. Also 
€ = e(r), so that we have the relation 


o = F(1/7) + 46(7)/a, (11) 


where F is defined by Eq. (3) and neither F nor ¢ depends on a. Kq. (8) 
is merely another way of writing Eq. (11), defining the effective velocity of 


.” ageaonc ery, (12) 
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The function ¢ may be called the effective slip coefficient, being the effective 
velocity of slip per unit shear stress at the wall. Its definition is in terms 
of the function g, namely, 


ro) = 2 ole), 2 le. (13) 


70 


A function of 7 only, it is in some ways analogous to a variable fluidity, 
but has the dimensions of M—L27’, t.e., of fluidity > length. The limiting 
value ¢; at large 7 may be supposed finite, and is zero if wa. is bounded 
when 7 increases indefinitely. Mooney (8) uses a slip coefficient, equivalent 
to ¢(r), obtained by postulating an (effective) velocity of slip at a wall; 
the effect on Couette viscometer readings is also discussed by him. 

It is interesting to recall the method of analyzing results, designed to 
give a measure of wall effects, put forward by Schofield and Scott Blair 
(5,11). This method consists in plotting Q/(ra*) against + and observing 
a straight line of slope o at large values of 7. Now, using Eq. (11), 


Q/(ma?) = gard = garF(1/r) + rf(7), 


and at large 7 we have, from Eq. (6), the approximate result 


Q ar 4d 1 1 

S-£{1-F+0(4)]} +e[n+0(2)} 
Therefore 

o = §1 + fa/m. (14) 

Schofield and Scott Blair next plot o against a and note the intercept oo 
of the resulting straight line on the o axis. From Hq. (14), the predicted 
slope of the (¢, a) line is 1/(4n1) and oo is to be identified with our ¢,. This 
method of plotting will detect a wall effect, provided that ¢1 is not zero, 
but would fail to do so if wa were bounded at high stresses. 

More generally, the value of ¢ at a given finite 7 can be obtained by 
plotting ¢ at fixed r against the reciprocal of tube radius. According to 
Kq. (11), the curve should be a straight line with an intercept F(1/r) on 
the ¢ axis and slope 4{(7). By drawing such graphs, the curve ¢ = F(1/r) 
can be constructed and used, as for an isotropic material, to give informa- | 
tion about the stress/rate-of-strain relationship. Also the effective slip 
coefficient ¢ can be studied as a function of 7. By plotting ¢ against 7, the ; 
limiting value ¢; at large 7 can be found. If sufficient data are available, 
there are reasons for preferring this method of finding ¢, to the identifica- 
tion of ¢; with oo, as usually constructed, namely: 


(i) It is immediately obvious whether the experimental data for 
laminar flow refer to sufficiently high values of r to justify assuming that 
f(r) has reached a constant value. If not, the method still gives precise 
information about the effective slip coefficient at finite stresses. 
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(ii) The construction of oo is usually carried out without a check that 
sufficiently high stresses at the wall have been reached in laminar flow. 
In fact a “‘best straight line” is often drawn through observed [Q/(za2), r] 
points when the position of the asymptote is in doubt. Then ao is not 
necessarily a good approximation to ¢1, and has no obvious fundamental 
significance.’ As an illustration, we suppose that only two radii of tube 
have been used (a’ and a’’), so that there are just two points to define 
a (a, a) line. They are given, not by Eq. (14), but by 


ao = oy +al/(4m), 0 =o" + a’/(4m), (15) 


where one or both of £1’, £1’ may differ from the limiting value ¢ of ¢. 

The intercept of the straight line joining the two points is easily shown 
to be 

a'a” = ao’ Ok. Khe Vad ; 

25, Cra ee ap ae 


which may differ considerably from ¢. 


CONCLUSIONS 


Data from at least two diameters of tube should always be obtained, 
and the results expressed graphically by plotting ¢ against 1/7. Only if 
all such data referring to laminar flow lie on the same curve, within experi- 
mental error, is it possible to derive 70, 71, 3 directly by assuming a unique 
relation ¢ = F(1/r). If observed (¢, 1/7) curves for different tube diam- 
eters differ, and if the relative displacements of the curves are consistent 
with a general relationship of type (Eq. 11), there is reason to suppose a 
thin layer with anisotropic rheological properties exists near the tube wall. 
If the curves are sufficiently well defined by large numbers of consistent 
readings from different tubes, the relation (Eq. 11) can be used to obtain 
F(1/r) and ¢(r). The curve ¢ = F(1/r) can be constructed and used, as 
for a liquid not showing wall effects, to define the stress/rate-of-strain 
relationship for the material in an isotropic condition (7.e., remote from 
boundaries). 

Two functions, dependent only on physical properties of the material, 
are to be associated with a non-Newtonian liquid (or plastic solid) which 
shows a wall effect, in order to specify its macroscopic flow properties 
completely. They are: 


(i) the viscosity, 7, a function of stress (or of rate of strain), with the 
dimensions of MZ“ T". 

(ii) an effective slip coefficient at a boundary, ¢, a function of shear 
stress at the boundary, with the dimensions of M'L°T. 


2 Of. Ref. (11). 
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These functions can be constructed, by the methods outlined in this} 
paper, from measurements on steady laminar flow through tubes. The 
viscosity alone specifies the properties of an isotropic material completely ; 
in the absence of wall effects, ¢ vanishes. 


SUMMARY 


It is possible to detect anomalous flow of a non-Newtonian liquid near 
a rigid boundary, by plotting the apparent fluidity (as given by Poiseuille’s 
formula) against the reciprocal of the shear stress at the wall in laminar 
flow through tubes of various diameters. This method of plotting has 
some advantages over others. If the properties of the liquid in shear are 
everywhere specified by a unique stress/rate-of-strain relationship, all 
the plotted points should lie on a single curve, and a wall effect is indicated 
if distinct curves arise from different diameters of tube. It is shown that 
a wall effect can be measured by an effective slip coefficient, which is a} 
function of the stress at the wall. The mathematical argument is based on 
the assumptions (i) that the flow is rectilinear, (ii) that there is no actual 
slip at the wall, and (iii) that the functional relationship between stress 
and rate-of-strain is dependent on the normal distance from a solid 
boundary, in a thin layer of liquid near the boundary only. 
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A THEORY OF ANOMALOUS VISCOSITY AND ELASTICITY 1 
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Anomalous viscosity and elasticity are observed with what may be 
termed “plastic systems.” The relationship between shearing stress and 
rate of shear for anomalous systems at constant temperature can often 
be expressed by 

v = const. aM, (1) 
or 
v = const. exp. (a/b), (2) 


where v = shear-rate, o = shearing stress, b = constant. Similar ex- 
pressions are obtained for anomalous elasticity by replacing v by the shear- 
strain y. In neither case has the coefficient of viscosity, 7 = d0/dv, or the 
modulus of rigidity, G = dc/dy, the proper dimensions. Further, if an 
experiment is carried out in one direction and the direction of stress is 
reversed, then the material must deform with the same shear-rate in the 
opposite direction. With o negative, v should be also negative, a condition 
which is not satisfied at all by Eq. (2) and is satisfied in the case of Eq. (1) 
only when 1/b is 1,3,5, etc. but not for other values. A theory of anomalous 
viscosity and elasticity must explain these discrepancies and must express 
the mechanical properties in terms of exact quantities. 

Plastic systems are disperse systems and can be divided into systems 
containing rigid molecules and systems containing flexible molecules. 
Disperse systems resemble solutions. In dilute solutions, the solute mole- 
cules are distributed at random and move freely in the solvent. At high 
concentrations each solute molecule occupies a definite volume of the 
system and prevents its neighboring molecules from occupying certain 
positions as a result of steric hindrance. Such systems, therefore, are not 
completely isotropic and exhibit orientation effects of the dissolved mole- 
cules. The degree of anisotropic distribution of orientation increases with 
increasing concentration and with increasing deviation from spherical 
shape of the solute molecule. If, at higher concentrations, certain positions 


1 Abstract of a paper presented before the Annual Meeting of the Society of Rheology, 
New York, N. Y., November 5 and 6, 1948, based on the following publications by the 
author: Plastic Flow, Creep and Stress Relazation, Parts I, H, I, and IV., J. Applied 
Phys. 17, 1086, 1093, 1101 (1946); 19, 1082 (1948). 
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are forbidden to a solute molecule at rest, it follows that many more posi- 
tions resulting from the rotation are forbidden to a molecule in motion. 
The end effect would then be a restriction of motion, and, to bring about 
flow, more positions would have to be made available to the molecule in 
motion. Such an effect can be obtained only by an increase in the volume 
of the system, which is indicated in all cases where Poisson’s ratio, com- 
pressive strain/tensile strain, is smaller than 0.5. 

Plastic systems at rest consist of a number of molecules, the larger part 
of which are confined to their positions under the influence of steric 
hindrance and cannot move to other positions, whereas the remainder is 
free to do so. This consideration explains the existence of yield values. 
Under stresses up to the yield value, the deformation is mainly elastic, 
i.e., a deformation during which the individual molecules retain their 
neighbors, and part of the energy introduced into the system is used to 
increase the volume of the intermolecular space or holes. At stresses in 
excess of the yield value, some of the molecules have accumulated enough 
energy and can move into the holes formed. As a plastic system contains 
molecules of various sizes and a hole can accommodate only a part of a 
large molecule, a molecule or unit of flow will be referred to this part. 

The distribution of the molecules over localized and non-localized 
positions is comparable to an order-disorder arrangement. Denoting the 
fraction of molecules on the ordered or a-sites by na the fraction of mole- 
cules on the disordered or 8-sites by ng, and the ratio of the number of 
holes to the number of molecules by a, the coefficient of viscosity for a 
plastic system consisting of rigid molecules is expressed by: 


n = (ng — Na)(1 — a)o/d, (3) 


where o = shearing stress and v = rate of shear. This equation can be 
applied to any system, the plastic deformation of which is not recoverable, 
and expresses the mechanical properties in terms of a coefficient of viscos- 
ity with proper dimensions. With the appropriate choice of the distri- 
bution of the molecules over the a- and @-sites of the lattice, any kind of 
relationship between shearing stress and shear-rate can be established. 
With ng — nq increasing with increasing shearing stress, the number of 
holes also increases and the viscosity decreases; this is the condition for 
simple plastic flow. A similar behavior is experienced with thixotropy. 
However, here ng — nq increases not only with increasing stress but also 
with time at constant stress. With n. = 0 and 1 — a replaced by 1 + a, 
the number of holes decreases with increasing stress and the viscosity 
increases. This condition is connected with stress-hardening, i.¢., a 
hardening of the system under the influence of stress. For the condition of 
hardening as a function of time or strain, nq is also zero, and ng decreases 
at constant shearing stress with increasing time or shear-strain. The term 
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a can be constant and independent of the shearing stress or can vary with 
the stress. With a = constant, the shear-rate becomes a power function of 
the shearing stress, and with a being variable in such a way, that at two 
different stresses, ¢ and oo, (1 — a)a is equal to (1 — ao)a0 the shear-rate 
becomes an exponential function of the shearing stress. The term 1 -+ a 
corresponds to constant b in Eqs. (1) and (2). 

A change in the order-disorder arrangement of the molecules under the 
influence of a shearing force is accompanied by a change in the field of 
force around a molecule and by a change in entropy. If the number of 
molecules on the 8-sites increases, the entropy change is comparable to the 
entropy of fusion; conversely, the entropy change is comparable to the 
entropy of crystallization if the number of molecules on: the a-sites 
increases. 

The concept of a change in the order-disorder arrangement of the mole- 
cules in a plastic system under stress also explains the strength of such 
systems. Systems whose shear-rate increases proportionally more than the 
shearing stress, undergo a change from a state of lesser disorder to a state 
of greater disorder, and their strength is, therefore, determined by their 
yield values. Plastic systems, which are subject to hardening under the 
influence of stress, time or strain, on the other hand, shift to a state of 
greater order with increasing stresses and reach maximum orientation 
effects when the number of molecules on the B-sites become a minimum. 
At this point the system behaves like a rigid body, at least in the direction 
of the deformation and the yield value has increased. Any further increase 
in stress will increase the number of holes and thus allow the molecules to 
shift from the a-sites to the B-sites. The system reverts, therefore, from a 
state of order to a state of disorder, resulting finally in its failure. The 
maximum strength for such systems is obtained at the point where the 
number of molecules on the 6-sites are at a minimum. 

In the case of flexible molecules, the system usually contains large 
flexible chain molecules, and the mechanical properties are referred to as 
rubber-elasticity. The segments of these large molecules are assumed to be 
distributed at random over the a- and 6-sites. At shearing stresses of small 
magnitude, the deformation is connected with the elastic deformation of 
the segments on the a-sites and obeys Hooke’s law. At greater stresses the 
segments on the §-sites perform rotational and translatory motions and 
are shifted into the a-sites. The deformation connected with this transi- 
tion from one site to another consists of two parts. One part, being trans- 
latory, is a function of time and is a viscous deformation; the other part 
consists of an elastic deformation, which the segment undergoes after its 
arrival at the a-site. The viscous deformation is accompanied by an in 
crease in the volume of the holes, which are closed again after the segments 
have occupied the a-sites. The net result is a constancy of the volume 
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which has been observed for such systems under stress. The mechanical 
behavior of such systems under shear is experssed by 


Gy + nv = ne(1 + alo — 2 ngacg, (4) 


where G = modulus of rigidity, y = shear-strain, og = shearing stress 
connected with the viscous deformation; the other terms have the same 
meaning as before. The elastic shear strain y and the shear-rate v can be 
power functions or exponential functions of the corresponding stresses as 
in the case of plastic flow, and the experiments have to be properly chosen 
for the evaluation of these functions. If the applied stress is kept constant 
until equilibrium is reached, then v and og become zero and 


Gy = na(1 + ade. (5) 


With the segments on the {-sites shifting into the a-sites, ng decreases — 
with increasing shearing stress and reaches a minimum as a result of the 
orientation in the same way as in the case of anomalous vicosity connected 
with stress-hardening. The orientation of the segments in such systems 
understress has been demonstrated by X-ray diagrams and is an accepted 
fact. On unloading, the system returns to an unstrained state and original 
state of disorder, and for this condition Eq. (4) also holds with the sign 
reversed. 

The mechanical properties of plastic systems are determined by the 
distribution of the molecules over the a- and 6-sites of the lattice and are, 
therefore, a function of the volume or of the coordinates of space. It can, 
therefore, be expected that the mechanical properties of such systems 
vary with the dimensions of the test-specimen under stress. 


PLASTICIZING LINEAR POLYMERS ! 
C. B. Havens 


From the Saran Development Laboratory, The Dow Chemical Company, 
Midland, Michigan 
Received January 24, 1949 


A solvent power theory of plasticizer action based on the Arrhenius 
and Flory equations is presented. The melt viscosity of plasticized poly- 
mers deviates from the Arrhenius equation. The deviation is attributed 
to coiling or uncoiling of the polymer chain due to solvent effect. An 
equation is derived which expresses the degree of uncoiling, R-value, as 
the ratio of the hypothetical to the actual molecular weight: 


log Ny — (V; log Ns) 
V. log No ? 


R= 


where N; = viscosity of plasticized polymer, V, = volume fraction of 
unplasticized polymer, and JN, its viscosity, V,; = volume fraction of 
solvent or plasticizer, and N, its viscosity. 

On the basis of this theory, it is concluded that two important criteria 
in evaluating plasticizer effectiveness are plasticizer viscosity and plasti- 
cizer solvent power. Low-viscosity plasticizers are considered to be more 
effective than high-viscosity plasticizers. Poor solvent plasticizers are 
more effective in reducing melt viscosity, and less effective in reducing 
Young’s modulus than are good solvent plasticizers. 

Experimental data on vinylidene chloride—viny] chloride copolymers 
are presented. The good solvent plasticizers are found to improve elonga- 
tion and impact strength, whereas poor solvent plasticizers do not. 


1 Abstract of paper presented at the Annual Meeting of the Society of Rheology, 
New York, N. Y., November 5 and 6, 1948. To be published in an early issue of Ind. 
Eng. Chem. 
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SCATTERING OF LIGHT DURING THE 
PROCESS OF GEL FORMATION 


Mata Prasad and K. D. Venkatesha Doss 


From the Chemical Laboratories, Royal Institute of Science, Bombay, India 
Received September 1, 1948; revised February 23, 1949 


In recent years the method of light scattering has been widely used in 
colloidal chemistry to obtain information regarding the structure, shape 
and size of the colloidal particles. A theory of light scattering was de- 
veloped by Love (1). Mie (2) developed another theory of scattering and 
obtained an expression for the intensity of the scattered light. Lord 
Rayleigh (3) applied a correction to Love’s theory and obtained an ex- 
pression different from that of Mie, for the intensity of the light scattered 
by spherical particles of any size. 

The study of light scattering by gels both during and after setting, 
has contributed a good deal toward the solution of the problems of the 
mechanism of their formation and their structure. The variations in the 
intensity of the light scattered by gel-forming systems cn changing vari- 
ous factors, such as the temperature, concentration, mechanical treat- 
ment, pH, aging, and others, have been quantitatively determined by 
Mardles (4), Kraemer and coworkers (5), Holweda (6), and Krishna- 
murthi (7). Krishnamurthi (7) measured the depolarization of the light 
scattered by agar sols and gels, using nonpolarized incident light, at 
different temperatures, and deduced that the particles in the gel state are 
larger in size or greater in number, or both, than those in the sol state. 
Subbaramiah (8) and Krishnan (9) have shown that, in order to elucidate 
the size and shape of the particles in the colloidal state, it is necessary to 
determine the values of the depolarization factors, pu, pv and ph of the 
scattered light obtained on using incident light unpolarized, vertically 
and horizontally polarized, respectively. Subbaramiah (10) has deter- 
mined the changes in the intensity of the scattered light and in the values 
of pu, pv and ph during the setting of gels of silicic acid, stearic acid and 
sodium stearate. Recently, a systematic study of the depolarization 
factors and the intensity of scattered light by gels of silicic acid, thorium 
arsenate and thorium molybdate has been made by Prasad and Guru- 
swamy (11). They have obtained by calculation the intensity of anisotropic 
scattering and separated the density scattering from the total scattering, 
and from their results, they have attempted to explain the mechanism of 
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the formation of these gels. They conclude that the micelles of the gels 
grow bigger during the formation of gels and that their linear dimensions 
are smaller than the wavelength of light. 

In a recent paper (12), Hoover, Putnam and Wittenberg pointed out 
that “in order to arrive at the true depolarization values it is essential 
that the scattered light be viewed against its natural background rather 
than against a limited background. The Cornu method, in which the 
scattered light is viewed against its natural background, gives true values 
just so long as the multiple scattering is not too intense.’”’ Lotmar (13) 
and Krishnan (14) have studied the influence of secondary scattering on 
depolarization measurements, and have concluded that the limited back- 
ground method (also called diaphragm method) gives abnormally high 
values of depolarization factors. However, Subbramania, Gururaja Doss 
and Sanjiva Rao (15), who have recently studied the effects of background 
and slit width on the depolarization values of stearic acid and benzo- 
purpurine sols, find that the difference between the values of the depolar- 
ization factors obtained by the natural and limited background methods 
is not very prominent. The method of observation adopted by Prasad 
and Guruswamy (11) was not the natural background method. 

Prasad and Modak (16), and Prasad and Guruswamy (17), have 
shown, by using the arrangement designed by Prasad and Gogate (18), 
that there are 3 types of gels with reference to the opacity changes they 
exhibit during setting: (a) those that increase in opacity (gels of stannic 
phosphate and stannic arsenate), (b) those which neither increase nor 
decrease in opacity (thorium phosphate gels), and (c) those that decrease 
in opacity (ceric phosphate gels). Prasad and coworkers have pointed 
out that the changes in opacity are due to the change in size and shape 
hs the state of aggregation of the gel particles during the formation of 
gels. 

The present investigation deals with the measurement of the intensity 
and the depolarization factors (pu, pv, ph) of the light scattered by the 3 
types of gels mentioned above. Since the course of gelation is greatly 
modified by the presence of electrolytes and nonelectrolytes [cf. Prasad, 
Desai and Mehta (19), Prasad, Mehta and Parmar (20) ], the effects of the 
addition of these agents to the gel-forming mixtures on the depolarization 
factors and the intensity of the scattered light during the formation of 
the aforesaid gels were also determined. The electrolyte and nonelectrolyte 
used were HCl and ethyl alcohol, respectively. 


EXPERIMENTAL 
1. Description of the Method of Measuring the Depolarization Factors 


The description of the natural background method for the measure- 
ment of the depolarization factors is given in some detail in this paper, 
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particularly because these details are not available at any one place in 
the literature, and often mistakes have occurred for want of them. 

The arrangement used for the measurement of the depolarization 
factors by this method is shown in Fig. 1. 

A rectangular glass cell C (4” < 2.5’ X 0.9’) was used to contain the 
gel-forming mixture. It was painted dull black entirely except for the 
three openings or slits marked as z, y, and z (zx and z being for the en- 
trance and exit of the incident beam, and y for the passage of the scattered 
light). The opening y was rectangular (20 mm. X 5 mm.) and was situated 
3 mm. from the face of the cell at which the light was incident. The 
thickness of the incident beam was so adjusted by means of a slit that it 
was less than 2.5 mm. X 2.5 mm. The glass cell was placed in a groove in 
a suitably cut hollow wooden box, painted black, and was in turn fixed 
permanently in another large. wooden box, also painted black inside, 
having a slit to admit the incident light, and provided with a suitable 
glass door, for taking the glass cell out of the groove or placing it back. 


Slit Y as seen through 
double image prism 
Fia. 1. 


Sunlight, when available, and light from a 100 c.p. Pointolite A when 
sunlight was not available, was condensed on the gel-forming mixture 
contained in the glass cell by means of a long focal length high quality 
lens L (f = 30 cm.). It was so arranged that the glass cell was at the 
focal plane and the most intense part of the parallel track of the incident 
beam was exactly opposite to the center of the slit y. 

The double image prism was first set in front of the slit y so that it 
could split up the horizontal and vertical components one below the other. 
It was then moved forward or backward until the two images were just 
separated, one below the other. Thus, the two images of the beam were 
viewed against the same background (uniform bright layer of the medium 
behind the beam). 

A nicol D was placed in front of the prism and was set at such posi- 
tions where the two images of the bright slit appeared to be of equal 
intensity. If 2 6 is the angle between two positions of the nicol symmetrical 
with respect to the horizontal vibration direction, the depolarization 


352 MATA PRASAD AND K. D. VENKATESHA DOSS 
factor p is given by tan?6, and the percentage depolarization by tan’@ X 
100. 


2. The Measurement of the Intensity of Scattering 


The intensity of the scattered light was measured by the photoelectric 
method adopted by Ananthakrishnan (21) and Prasad and Guruswamy 
(11). 

3. Preparation of Gels 


a. (1) Stannic Phosphate Gels. These were prepared by the method of 
Prasad and Desai (22), using 15% solution of SnCl, (A) and 2 N H3PQ, 
(B). (A) was prepared by dissolving 150 g. of SnCl, in distilled water to 
which 2 ec.-of conc. HNO; were added. It was then boiled for some time, 
and after cooling, was made up to 1 1. 


TABLE I 
Stannic Phosphate Gels 
Ti o = 
ager me 3 5 | 10 15 20 30 40 50 60 70 
(a) A = 25; B = 6; t = 20 
pu — TG O276n 9 fe ond — {14.0 | 17.1 | 18.9 — = 
pv — 0.76| 0.275| 0.275] 2.2 — 4.1 DS — — — 
ph — |42 — |61 57 == == — = = = 
I OFS mI OR =a s6 eet GSE 23 29.5 | 35.7 | 35.7 —_— — 
(b) A = 25; B = 5; t = 26 
pl Nes — |87 87 90 90 86 = = as — 
pv iit — 1.5 1155 2.8 8.7 |14.1.| 16.3 | 18.02; — — 
ph — — O07 | OAS ON GG 1 2S need UD Nw Cees — — 
I 0.6 | 0.9 — LE ASG 2 Tee E2938 
(c) A-= 25; B = 4;t = 40 
pu — 22 — 2.2 — 2.8 <= }12:0 SLSR EGS 
pv — 0.9 — 0.9 — -- xB en PE | We: Es Tet 7 — 
ph — — 47 36 — |48 43 — 
I 0.6 | 0.5 — 1.9 5.0 9.3 | 16.8 | 21.8 — |29 30 
@) A =]=25Bt= 69C= t= 25 
pu led) 4\ a el = 1.97 | 4.5 7.6 | 138.38 |14.7 | 14.7 = — 
pv 0.49} 0.27; — 0.48 | 0.9 AZ hit eS: Sieslencecan basse — = 
ph — Pak — = = = 
ff OLD | Osdan| ale? 4.3 |11.2 16.5 | 18.8 | 19 = = ae 
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TABLE I—Continued 


fe 
bath 3 | 5 | 10 15 20 30 40 50 60 70 
(e) A = 25;B =5;C =3:t = 40 
pu 3.0 — 1.4 — 125 3.4 ee, 
pv 0.7 0.382 15 3278 
ph — |35 
I 0.5 0.6 0.8 2.6 6.1 — | 24.5 | 28.6 
(f) A = 25; B =5;D = 1:7 = 28 
pit pat — 0.77 les} PAp5, 5.3 OVC lGrs els — — 
pv 0.37); — — 0.28 1.11 a 25 4.9 ee, — — 
ph 33.49 | — —— — — — | 22.30 
if 0.4 — 0.6 3.3 9.6 ibsyfo3 || PREP 
(g) A = 25; B = 5; D = 10;t = 58 
pu 5.3 — 4.9 Sok: Bill 1.5 M7 1.97) 2:5 5.7 UP? 
pv ileal — — 0.77 0.77 0.38; 0.388] 0.77| 0.77) 0.77) 1.97 
ph — — — 4.0 — — |33 — —_ — |40 
if 0.4 a 0.45 — 0.5 — —~ 9.6 — — | 20 


(22) Stannic Arsenate Gels. These were prepared by the method adopted 
by Prasad and Desai (22), using 15% solution of SnCl, (A) prepared as 
described above and 10% solution of pyroarsenic acid (B). 

b. Thorium Phosphate Gels. These were prepared by the method of 
Prasad, Parmar and Mehta (20), using 6% solution of thorium nitrate 
(A) and 2 N H3PO, (B). The gels obtained had the unique property of 
being very highly transparent throughout the process of gelation. They 
were quite stable. 

c. Ceric Phosphate Gels. These were prepared by the method of 
Prasad and Desai (22), using 6% solution of cerium nitrate (A) and 10% 
solution of secondary potassium phosphate (K2HPO,) (B). On mixing 
the components of the gel-forming mixture, a milky, thick, turbid solution 
was formed, the turbidity disappearing after a few minutes. The gels on 
setting were highly translucent or transparent and were also thixotropic. 

All substances used for the preparation of the several solutions were 
B.D.H. chemicals. 

For the preparation of gels various volumes of (A) and (B) were 
taken in two different test tubes, the volume in each made up to 25 cc. 
by addition of distilled water. The two solutions were then mixed, the 
total volume of the gel-forming mixture being almost 50 cc. in all cases. 
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The mixture was transferred to the glass cell and the depolarization 
factors measured at different intervals during and after gelation. The 
results obtained for the stannic phosphate, stannic arsenate, thorium 
phosphate, and ceric phosphate gels are given in Tables I to IV. In these 
tables, A and B represent the volumes in cc. of the solutions of the com- 
ponents of the gel-forming mixtures (cf. preparation of gels), C and D 
represent cc. of the HCl and ethyl alcohol, respectively, added to the 
gel-forming mixtures and ¢, the time of setting in minutes, unless other- 
wise stated. 

Discussion OF RESULTS 

1. Stannic Phosphate Gels 


It will be seen from Table I that the values of pv are low (almost equal 
to zero) in the beginning of gelation. In many cases they then slightly but 


TABLE II 
Stannic Arsenate Gels 


Tine i 
Sete 1 5 | 10 15 | 20 | 30 | 35 | 45 
(a) A = 25; B = 5;¢ = 20 
pu les — 13.3 17.2 29.5 32.0 — 36.1 
pv 0.28 — 1.97 = 8.7 — — 13:3 
ph 33 = == = = a = == 
ik 0.2 1.3 Ou 12 15.7 15.6 — — 
(b) A = 25;B = 4;t = 39 
pu 2.2 2.9 5.3 18 — 28 — = 
pv 0.76 0.76 2.2 5.3 — 13.3 — — 
ph — 43 = 38 — — — — 
if 0.2 0.4 1.8 4.5 -= 11.6 — 15.4 
(c) A = 25; B = 3;t = 95 
pu = 1.5 1.5 3.1 a = — 21.8 
pv — 0.275 0.275 0.489 — = — 8.22 
ph = = = 7 aT ay e 3 
I — I 0.5 0.75 1.0 335) — 5.3 
(d) A = 25;B = 5; C = 1;t'= 20 
pu 1.97 4.5 17.1 Zia 45.5 — — = 
pv 0.27 eT 9.3 9.9 18.9 == = bees 
ph a = aa = im = =, = 
I 0.4 1.5 Dro) RIE 15.5 — — — 
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TABLE II Continued 


fie in 1 5 10 15 20 | 30 | 35 45 
(e) A = 25; B = 5; C = 3;t = 30 
pu = 1.3 4.5 14.0 24.9 — = a= 
pv 0.038 0.489 2.8 Ue 9.4 12.0 == = 
8,» oe Saag A ieee Ree aes lade all lala [eae es esc 
_ 0.3 0.8 4.3 — us) 14.5 22.5 a= 
(f) A= 25;B =5;D =1;t = 19 
pu 2.5 3.4 9.3 29.5 30.7 34.7 coe 37.6 
pv 0.9 1.2 3.1 11.9 =e 14.7 = 19.8 
ph 55 53 48 56 — 58 == = 
i 0.4 2.3 ial 18 17 — — = 
(g) A = 25; B = 5; D = 10;¢ = 60 
pu = 1.97 — 3.1 6.2 18.02 18.02 = 
pv ae 0.49 = 0.62 3.1 = 5.3 == 
ph aa = a ae a = = = 
B 0.3 0.4 — = 3.8 — 11.0 == 
TABLE III 
Thorium Phosphate Gels 
25 2 Nil 6.7 2.2 42 0.2 
25 2 Cr=33 UP 2.5 49 0.2 
25 2 1D) = 11 oS ee) 40.5 0.2 


definitely decrease for some time and then increase steadily and continue 
to increase even after the gel has set, until a certain maximum is reached. 
Any deviation from the zero value of pv is indicative of the anisotropic 
condition of the particles. Therefore, it appears that the particles are not 
anisotropic in shape and/or structure in the early stages of gelation, but 
they become anisotropic and the anisotropy increases as the gelation 
progresses. 

Similarly, in many cases, the values of pu decrease slightly at first, 
then increase during the gel-formation and continue to increase, even 
after the gel has set, until a maximum value is attained. However, the 
intensity of the scattered light increases continuously. This shows that 
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the particles continually increase in size during and after the setting of 
the gel. The observed initial slight fall in pu is, therefore, due to the 
particles becoming more symmetric in shape and/or structure in the 
early stages of gelation. 

The values of ph are not reliable, since it is very difficult to measure 
them accurately. However, they are far lower than 100, indicating that 
the size of the particles in the gel-forming system is comparable to the 
wavelength of light in their linear dimension. It has not been possible to 
calculate the values of ph from Krishnan’s relation, because, the gel- 
forming systems being dynamic, the values of pv and pu undergo change 
even for a slight difference in the time required to take the readings. 

It will be observed that, on increasing the amount of phosphoric acid 
in the gel-forming mixture, (1) no definite regular changes in pv take 


TABLE IV 
Ceric Phosphate Gels 
eee St 5 10 | 20 | 25 | 40 | 50 | 60 | 70 | hr 
(a) A = 25;B = 6;t = 14 br. (20) 
pu — — —_— 21.8 — lire! 15.5 12.6 8.8 3.5 
pv — — UL 6.7 — 4.5 4.5 aia | 3.1 pat 
Pa ne re ee a ee ee 
I 28.5 | 25 — = == =a = 
(b) A = 25; B = 5;¢ = 14 hr. (17) 
pu 28.3 PRS || OPT ES 18.0 14.7 oo — 8.2 — 1.97 
pv eZ 8.2 7.2 3.8 3.1 — — 2.5 — 15 
ph 2) |p — Za Tre 5=} HOS 
If PARIS 25.5 — — ites —_ — 5.8 — — 
(c) A = 25;B =4;t = 24hr. (21) 
pu vel 15.5 — — 13.3 12.6 — — — 31 
pv 3.8 — 3.8 — 3.1 2.2 —_— —_ — 3 
ph = = re a aa == = 
I 24.3 24.2 19.5 10 dco — == 
(d) A = 25;B =5;C =1;¢ = 24 hr. (25) 
pu 30.7 | 24.8 | 19.8 — 10.0 —_— 6.2 — — 2.5 
pu 112 8.2 4.9 — 3.1 <= 2:2 — —_— 1.11 
ph a3 = = es — — | 42 — | % 
I 26 26 — — 15.5 _— =: ae ae a 
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TABLE IV Continued 


i 
fama’ (es 2 | 5 | 10 | 20 | 25 40 50 60 70 hr. 
(e) A = 25;B = 5;C = 3;t = 24hr. (24) 
pu 36.1 26.0 — 21.8 12 4.5 2.8 
pv 14.0 11.9 — 4.1 3.1 1s 133 
ph — 44 78 
I — 23.8 — — 22 
(f) A = 25;B =5;D = 1:t = 24hr. (22) 
pu Soro — 21.8 15.5 7.6 Ze 
pv 8.7 — 4.5 = Wah 
ph 46 93 
I Za. — 23 22.7 5.7 5.4 — 
(g) A = 25; B = 5; D = 10; ¢ = 24 hr. (19) 
pu 36.1 ZAP Smlpelco: 17.3 — — os — — 3.8 
pv ade — 3.8 3.4 — — — == — 3 
ph = eh eC) 
jf 26 22.5 — 17 — = = — — = 


place, but probably the particles become less anisotropic, (2) the rate of 
increase in intensity of the scattered light, that is, the rate of growth of the 
gel particles, increases (cf. J-t curves, Fig. 2) and (3) the time of setting 
decreases. It was noted that the transparency of these systems also 
decreases on such an addition. 

It will be seen from I (d), (e), (f), and (g) that the changes in pv, pu 
and J during gelation of a gel-forming mixture take place in the same 
manner in the presence of HCl and alcohol as without their addition. 
Hence, it appears that, even in the presence of HCl and alcohol, the 
particles in many of these gel-forming mixtures continuously increase in 
size and at first are more symmetric and isotropic and gradually develop 
the anisotropy of shape and/or structure. The addition of HCl and alcohol 
casuses a decrease in (1) pv, that is, the particles become less anisotropic 
in shape and/or structure and (2) the rate of increase in J, that is, the 
rate of growth of the particles of the gels. This effect is most marked in the 
presence of 10 cc. of alcohol, in which case the gel becomes opaque after 
16 hr., probably due to the evaporation of most of the alcohol, and the 
particles become highly anisotropic. 

Krishnan classifies particles for which the values of pu, pv and ph are 
less than one as “ellipsoidal particles of finite size’ and those for which 
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STANNIC PHOSPHATE GELS 


1A=25, B=6 
40 
WA=25; B=5,HCI=3 
35 tan ere IL A=25; B=4 
“t 
30 


MITA=25; B=5; 
ALCOHOL=10 


20 


CERES 


10} 10 20 30 40 50 60 70 80 90 100 
G 


Fria. 2. 


pu = 0, pv = 0, ph ~ 1 as “small spherical particles.’ Accordingly, the 
values of pu and pv indicate that, in all stannic phosphate gel-forming 
mixtures, the particles are small and nearly spherical in the early stages 
of gelation and they become more and more ellipsoidal and tend to 
attain a finite size as the gelation progresses. 


2. Stannic Arsenate Gels 


The behavior of these gel-forming mixtures, as revealed from the data 
given in table II, is similar to that of the mixtures giving rise to the 
stannic phosphate gels. This means that (1) the particles in these mix- 
tures are small, nearly spherical and not anisotropic in shape and/or 
structure at the early stages of gelation, (2) they increase in size and 
become more and more anisotropic as the gelation progresses, and these 
changes continue even after the gel has set, (3) their linear dimensions 
are comparable to the wavelength of light, (4) the rate of their growth 
(cf. I-t curves, Fig. 3) increases, and their anisotropy decreases, as the 
amount of pyroarsenic acid in the gel-forming mixture is increased. 
Such an addition also decreases the time of setting and the transparency 
of gels, and (5) the addition of HCl and ethyl alcohol (1) increases the 
time of setting of the gels and makes them more transparent, (2) retard 
the rate of growth of the particles, and (3), although no regular changes 
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have been noticed in the anisotropy of the particles on the addition of 
HCl, ethyl alcohol definitely causes the particles to become less aniso- 
tropic in shape and/or structure. 


Separation of Density and Anisotropy Scattering 
Prasad and Guruswamy (11) have deduced that density scattering 
Ip, is given by the relation: 


Ip o No” 


the density of the medium, 

= amount of colloidal matter, 

a constant, 

= the volume of the scattering particles and 
= number of particles in unit volume. 


where 


ZITA 
lI 


Hence, the values of Ip at different intervals of time for a system under- 
going gelation would be directly proportional to the volume and inversely 
proportional to the number of the particles formed in the system during 
gelation. 


STANNIC ARSENATE GELS 
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Further, since the total intensity of the scattered light is the sum of 
the intensities due to density (Ip) and anisotropy (I) scattering, [4 = 
I — Ip. The values of Ip and I, have been calculated in the case of one 
typical gel of both stannic phosphate and stannic arsenate, and are given 
in Table V. The volumes of the particles (V) have been expressed in 
relation to the final volume of the particles when the gelation is complete. 
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It is seen from the above table that the anisotropy scattering increases 
rapidly during gelation and, in the case of stannic arsenate, appraoches 
closer to the value of Jp toward the later stages of gelation. This shows 
that, during these stages especially, the intensity of the scattered light is 
appreciably affected by the anisotropic nature of the particles in both 
gels, although the predominant contributing factor throughout the 
process is the density scattering. The increase in Jp indicates that the 
number of particles in the gel diminish during gelation, that is, the 
process of coagulation is operative during the formation of the gel. This 
conclusion is supported by the fact that the volume of the individual 
particles increases in size during gelation (cf. last column of the table) and 
attains a practically constant value after some time, which may be 
greater or less than the time of setting of the gel. The final volumes of 
particles in the gels of stannic phosphate and stannic arsenate are, 
respectively, 5 and 7 times their initial volumes. 


TABLE V 
Time | Bore | I Ip | ha | V =Ipj/IF 
min. (a) Stannic Phosphate 
Calculated from Table I (b) 
10 1.034 4.7 4.54 0.16 0.208 
15 1.060 13.6 12.8 0.80 5.587 
20 1.160 PALS 18.2 2.90 0.835 
25 1.275 26.8 21.0 5.80 0.964 
30 1.368 29.8 21.8 8.00 1.000 
(b) Stannic arsenate 
Calculated from Table II (c) 
10 1.034 0.50 0.482 0.018 0.149 
15 1.070 0.75 0.70 0.05 0.217 
25 1.320 2.00 too: 49 0.467 


45 1.640 5.30 3.23 2.07 1.000 
| 


It follows from the above observations, that, when stannic chloride 
and phosphoric or pyroarsenic acid are mixed, a colloidal solution of 
stannic phosphate or stannic arsenate is immediately formed. The 
particles in these sols are very nearly spherical (very low values of pv) 
and their size is comparable to the wavelength of light (very low values of 
pu, and ph less than 100). With the lapse of time, the sol is gradually 
coagulated (as evidenced by an increase in the volume and a decrease in 
the number of particles) but the linear dimensions of the coagulated 
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particles are never larger than the wavelength of light. Also, during 
gelation the particles become more and more anisotropic in shape and/or 
structure. The slow changes in the values of ¢ I (cf. last part of J-t 
curves) probably correspond to that stage of gelation during which the 
particles in the gel-forming system take up plenty of the dispersion 
medium and become heavily hydrated, whereby the viscosity of the 
system increases enormously and brings about its setting to the gel state. 
Further, in some cases, the particles of the gel continue to grow in size 
and become more and more anisotrpoic in shape and/or structure for 
some time, even after the gels have set. 


3. Thorium Phosphate Gels 


Since the values of J, pu, pv and ph remain constant throughout (cf. 
Table III), it follows that the particles continue to remain in their initial 
state with respect to size, shape and structure, during the process of gel- 
formation. The values of pu and pv are very low—not much greater than 
zero. The values of ph lie between 40-50. Hence, it may be safely con- 
cluded that the particles in the gels are spherical or isotropic, or very 
slightly ellipsoidal or anisotropic in shape and/or structure. 

While the addition of HCl brings about little alteration in the aniso- 
tropic nature or size of the particles (cf. values of pu and pv, Tabie IID), 
the presence of alcohol in the gel-forming mixtures appears to make the 
gel particles very slightly more isotropic and spherical. It was also ob- 
served that the addition of HCl and alcohol increases the time of setting 
of the gels. 

The values of Ip and I, have been calculated as before for the mixture 
formed from A = 25 cc., B = 2 cc., and are found to be 0.173 and 0.027, 
respectively. Since these values do not change during gelation, it can be 
inferred that no changes take place in the anisotropy, the number and 
the volume of the gel particles during setting. 

It was observed that, when thorium nitrate and phosphoric acid are 
mixed, thorium phosphate, which is immediately precipitated, redis- 
solves completely on shaking. The data given in Table III show that the 
particles in the system have a finite size, less than the wavelength of 
light, and are very slightly anisotropic in shape and/or structure. Since 
there is no indication of any appreciable decrease in the number of 
particles, it can be presumed that, unlike the cases of stannic phosphate 
or stannic arsenate gel-forming mixtures, coagulation, as determined by 
the agglomeration of the individual particles, does not take place in this 
case. Since the shape, size and structure of the particles continue to be 
the same, the setting of the gel can only be explained by assuming that 
the particles become highly hydrated and these highly hydrated entities 
form the ultimate structure of the gel. The transparent nature of the 
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resulting gel and of the gel-forming mixture throughout the process of 
gelation is due to the fact that very nearly the original size of the particles 
in the sol state is maintained during gelation. It must, however, be stated 
that, since no special precautions were taken to render the gel-forming 
solutions dust-free, the dust particles present may have played some part 
in influencing the values of the depolarization factors. Also, the values of 
depolarization factors may be changing during gelation to a small extent 
imperceivable by the experimental arrangement employed in this in- 
vestigation. 


4. Ceric Phosphate Gels 


It will be seen from Table IV that the values of pu, pu and J are finite 
and above zero (pu being fairly high) when the constituents of the gel- 
forming mixture are mixed, and that they fall off gradually as the process 
of gelation commences, until they become very low, nearly equal to zero. 
This shows that the particles in this gel-forming mixture are anisotropic 
in shape and/or structure in the beginning and lose their anisotropism 
gradually and decrease in size enormously during gelation, until they 
become almost isotropic and spherical. These changes take place almost 
within one hour while the gel is still far from the stage of setting (¢ vary- 
ing from 14 to 24 hr.). 

The values of ph range approximately between 22 and 93, showing 
thereby that, initially, the linear dimension of the particles are compar- 
able to the wavelength of light, while subsequently their size decreases 
appreciably. 

Since this gel is thixotropic, the values of the depolarization factors 
were obtained after shaking the set gel. It was found that the values of 
these factors did not alter, showing thereby that the particles did not 
undergo any change in shape, size or structure on shaking. 

The addition of increasing amounts of potassium phosphate increases 
the rate of fall of the intensity of the scattered light, that is, the rate of 
decrease of the particles in the gel-forming system during the process of 
setting (cf. J-t curves, Fig. 4). Further, although such an addition causes 
no definite regular changes in the values of pv, it appears that the particles 
become more anisotropic in shape and/or structure. 

The addition of HCl to the gel-forming mixtures appears to have no 
definite effect on the nature of the particles of the gel, but (except during 
the first 20 min., when the gel-forming mixture is opaque) the rate of fall 
in intensity of the scattered light, that is, the rate of decrease in the size 
of the particles in the gels, is increased. The addition of alcohol to the gel- 
forming mixture produces the same effect as the addition of HCl in the 
changes in the size of the particles during gel-formation, with the differ- 
ence that the particles become less anisotropic in shape and/or structure. 
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CERIC PHOSPHATE GELS 


'S XXII A= 25, B:5 
ALCOHOL:=10 


(0) 20 40 60 80 100 120 140 


Fig. 4. 


The values of Jp and J, have been claculated for the gel-forming 
mixture formed from A = 25 cc. and B = 5 cc., and are given in Table 
VI. 

It will be evident from the table that the anisotropy scattering is far 
less than the density scattering throughout, that is, the total intensity of 
the scattered light is predominantly due to the density and not to the 
anisotropy scattering. Since Jp and I, decrease steadily during the first 
hour after the components of the gel-forming mixtures are mxied, it 
follows that the number of particles increases and that the particles lose 
their anisotropism of shape and/or structure during this period. This 
shows that the particles of the gel-forming substance are peptized from the 
clusters that they may have formed at the time of mixing A and B. This 
is also evidenced from the fact that the volume of the individual particles 
is reduced during this process; the size of the particles at the end of 1 
hr. is about 34 of the initial size. 


TABLE VI 
Time S02 I Ip Ta V=Ip/IF 
6—-7p 

min 
15 1.6 24.5 15.3 9.2 3.16 
25 1.385 17.3 12.5 4.8 2.58 
35 1.26 1257 10.1 2.6 2.08 
60 1.198 5.8 4.85 0.95 1.00 
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It follows from the above discussion that, when cerium nitrate and 
potassium phosphate are mixed, an immediate precipitation of ceric 
phosphate takes place. The particles of this precipitate are (1) fairly 
large (perhaps in clusters) and are comparable in their linear dimensions 
to the wavelength of light (cf. low values of ph and high values of pu and 
I), and (2) slightly anisotropic (pv nearly 8). Because of the large di- 
mensions of the particles of the gel the gel-forming mixture is opaque. 
After about 1 hr., the particles of the precipitate (1) split off from their 
clusters and thus become reduced in volume as indicated by low values of 
I and pu and high values of ph and, increase in number, and (2) gradu- 
ally lose their anisotropy (pv tends to zero) and become very small in size 
(ph becomes nearly 90). After 1 hr. or so, when (1) the number of particles 
becomes maximum, and (2) their size becomes minimum, (3) their 
shape becomes very nearly spherical, and (4) their nature becomes almost 
isotropic, the particles slowly become heavily hydrated and thereby the 
gel-forming system becomes very viscous and sets to a gel in quite a long 
time. The set gels are transparent because the particles contained in them 
are very small in size. 

The fact that shaking the gel introduces no alteration in the nature 
or size of its constituent particles shows that it only overcomes the forces 
binding the particles and does not break them into finer entities. 
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SUMMARY AND CONCLUSIONS 


A systematic study of 3 types of gels with regard to their opacity has 
been made using the scattering technique. The depolarization factors of 
the scattered light have been measured by the natural background method | 
of observation, and the intensity determined by the photoelectric method. 
The results obtained have been used to follow the process of formation of 
the gels and the changes in the nature of the particles during the process 
of setting. A very interesting feature of the paper is the explanation 
offered for the process of formation of the 3 types of gels on the basis of 
the data obtained in this investigation. 


(i) In gel-forming systems which increase in opacity during setting, 
the particles grow in size, become more and more anisotropic, coagulate | 
by a process of aggregation (as indicated by decrease in number and in- 
crease in size), and finally set to an opaque gel, the opacity being due to | 
the increased size of the particles in the same volume of the gel. 
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(ii) In systems which neither increase nor decrease in opacity during 
setting, there is no increase in the number and volume and anisotropy of 
the particles during the gel formation. In: such cases, the gelation is 
brought about by the process of hydration: The-set gels are transparent 
since their particles are of the same small size‘as at the commencement of 
the process of gelation. 

(ii) In systems which decrease in opacity during setting, the particles 
are at first in large aggregates and highly anisotropic; subsequently they 
split up into smaller particles and become very small and isotropic. It 
takes a long time for such gel-forming systems to set.! 
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CONDARWH 


1 The set gels are transparent because the size of the particles decreases considerably 
during the early stages of gelation and then remains practically constant. 

There is a striking parallelism between the changes in the values of the intensities of 
scattered light and the depolarization factors. 

Since heavy hydration of the constituent particles in a gel is the essential requirement 
of gel-formation, the aforesaid observations indicate that there is some definite relation 
between the density of charge of the colloidal particle and its hydration tendency. In 
the first type of gels, the colloidal particles formed ‘must undergo decrease of charge (as 
revealed by their undergoing coagulation), in the second type, the particles formed have 
such density of charge that it needs no reduction (by coagulation), and, in the third type, 
the particles carry very low density of charge which must be increased (as revealed by 
the process of peptization), before they can be in a state for becoming heavily hydrated. 
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X-RAY INVESTIGATIONS OF THE STRUCTURE OF 
COLLOIDAL ELECTROLYTES. IV. A NEW TYPE 
OF MICELLE FORMED BY FILM PENETRATION ! 
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George Herbert Jones Chemical Laboratory, University of 
Chicago, Chicago 37, Illinois 
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I. INTRODUCTION 


Penetration of Monolayers of Long Chain Polar-Nonpolar Molecules by 
Molecules of Detergents and the Structure of the Micelle 

In 1935 Schulman and Hughes (1) showed that if a solution of sodium 
hexadecyl sulfate is injected under a condensed monolayer of hexadecyl 
alcohol, the molecules of the detergent penetrate the monolayer and 
thereby increase the film pressure. From sharp kinks in the film pressure- 
molecular area curve Schulman considered that compounds with the 
ratios of sulfate to alcohol of 1:1 and 1:3 are formed. Harkins and 
Florence changed this technique (2,3,4). They first put the dilute 
solution of the detergent into the trough, allowed time for adsorption to 
occur, then swept off the monolayer and immediately, before adsorption 
reoccurred, spread a monolayer of the alcohol over the surface. The 
results of work by Harkins, Copeland and Gordon (5) are exhibited in 
Fig. 1. A period of 12 hr. or more, during which the film pressure was 
obtained every five minutes by a recording film balance, insured the 
attainment of equilibrium. 

The curves exhibit no kinks and thus no evidence for compound 
formation. It was found that at equilibrium, 3 X 10-* molar detergent 
increased the film pressure at 25°C. from 1 dyne per cm. to 45 dynes per 
em. at a molecular area of 26 sq. A. for the alcohol. 

The existence of this phenomenon gives a suggestion that its reverse 
should be investigated. Since long chain alcohols are insoluble in water 
the most favorable situation would be that in which they be given an 
opportunity to penetrate between the soap ions in a micelle. 


Preliminary Work on the Diameter of the Micelle 


However, what led to the present investigation was the discovery of a 
new long-spacing X-ray band (6,7, 8). The Bragg spacing obtained 
1 This investigation was carried out under the sponsorship of the Reconstruction 
Finance Corporation, Office of Rubber Reserve, in connection with the Government’s 


synthetic rubber program. 
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from the apparent maximum of this band was found to give a value close 
to, but very slightly less, than twice the length of the soap molecule. 
For example the Bragg spacing found was 30 A for the potassium soap 
of the 8 C atom n-acid and 47 A for 16 C atoms. This suggested that 
upon the development of the proper theory this band would give a meas- 
ure of the thickness of the micelle. On this account it was designated as 
the micelle thickness or M-band. Various calculations made upon an un- 
certain basis indicated that if the micelle is considered as a cylinder its 
diameter is very nearly the same as its thickness. Since the edges of the 
cylinder would have to be rounded off, the shape would be very close to 
that of a sphere. 


cm 
s 


So dynes per 


infnTe AREA’ —a 


) 25 3” 15 100 125 150 75 200 


Fig.l. Film pressure-molecular area curves of hexadecyl alcohol over 0.3 X 107%, 
1< 10™, and 3 X 10 molal solution of sodium hexadecyl sulfate. (From work by 
Harkins, Copeland and Gordon (5).) 


A remarkable feature of the preliminary results was that although 
the apparent diameter could be varied greatly by the use of a different 
soap and the resultant change in the length of the soap molecule, it re- 
mained constant between concentrations of 4.8 and 20% potassium 
dodecanoate and between 2.3 and 16.5% of the tetradecanoate, and with 
these and all other soaps through the total range of concentrations in 
which the band was shown plainly in the tracings. 


II. Numser or Soar Ions 1n a MICELLE 


A few values which have been determined are as follows. 
1. Cetyl pyridinium chloride (salt present) 70 chains (9). 
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2. Duponol (sodium salts of sulfated aliphatic alcohols). Micelle 
molecular weight = 12,500 (10). 

3a. Sodium dodecyl sulfate (plus salt). 87 chains (11). b. Sodium 
dodecyl sulfate (0.7 moles per kg. solution). 57 chains (8). 

4. Sulfonated di-2-hexyl succinate (salt present) = Aerosol MA. 
24 chains (12). 

5a. Dodecyl ammonium chloride. 67 chains (13) shah, n-dodecyl- 
trimethyl ammonium bromide. 64 chains (14). 

6. Calculations now in progress in this laboratory by the use of the 
corrected M-band spacings and apparent densities indicate that for soaps 
of from 6 to 16 C atoms the variation in number (in the absence of salt) 
lies between limits of about 30 and 100 chains. 


III. SotusimizaTion AND MopE.s ror THE MICELLE 


If a hydrocarbon oil is dissolved in the micelle the spacing is increased 
by A(2r) which, when calculated on the basis of what appears to be a 
correct theory, gives values in a 0.33 molal (8.65%) solution of sodium 
dodecyl sulfate of 11.2 A and 11.4 A respectively for ethyl benzene and 
n-heptane. These values, since the hydrocarbon dissolves in the interior 
hydrocarbon region of the micelle, and avoids the polar outer region, may 
be considered as the mean diameter of the solubilized oil, although so few 
molecules are solubilized that they cannot well take on the shape of a 
sphere. 

It is not the purpose of this paper to consider the relative value of the 
various models which have been suggested for the micelle. However, 
since the X-ray work presented here was incited by a simple model (15), 
it may be considered here. Stack up a pile of dollars until it becomes 
approximately as high or higher than the diameter of the dollar. Let 
this represent a highly magnified model of the cylindrical micelle, which 
obviously does not exist. Assume now that the top and bottom of the 
cylinder are covered by the ionic groups and that the hydrocarbon groups 
are oriented vertically inside with their ends in contact. This would be 
a crystalline micelle. However, the short spacing X-ray band, except for 
the larger spacing it indicates (4.5 A) is almost the same as the water 
band (3.1 A). Thus the micelle appears to be a liquid structure and will 
therefore, on account of the free interfacial energy involved, take on as 
nearly a spherical shape as is possible. However it is possible that it 
cannot do this and also preserve its essential characteristic as a double 
layer of oriented ions. Water and hydrocarbon, even on a molecular 
scale, exhibit a high free energy when in contact, so the truly cylindrical 
form with flat ends is an improbable one, since at the edge of the cylinder 
water and hydrocarbon would be in contact. The solution of the prob- 
lem is found in the flexibility of molecules which are made up largely of 
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flexible hydrocarbon chains. This allows a part of the ionic groups 
which would be present in the crystal cylindrical model to cover to some 
extent the hydrocarbon chains at the ends of the micelle, which other- 
wise would be in contact with the water. 

Consider a very minute island of condensed film of a detergent sup- 
posed to exist as a monolayer on water. Actually this would have to bea 
patch surrounded by an identical monolayer. _ Assume that the island 
contains 70 molecules. Its area is ca. 2100 sq. A, which corresponds to a 
patch 42 A by 50 A, with the molecules oriented with their chains per- 
pendicular to the water and with the ionic ends toward the water. This 
monolayer is now to be picked up and folded back upon itself in such a 
way that the orientation toward the now external water is preserved as 
much as possible and the ends of the hydrocarbon chains come into con- 
tact. This gives a double layer “biscuit”? whose top, bottom and edge 
are covered as completely as possible by the ionic groups. Such a model 
may be considered as a cross between a cylinder and an oblate spheroid, 
or by penetration of water between the polar groups the form attained 
may be that of a sphere. With a definite soap the thickness of the 
“biscuit” is constant, 7.¢., independent of concentration and equal to about 
twice the length of the soap molecules, but its diameter may vary, al- 
though seemingly not with concentration. 

The ends of the cylinder do not contain 35 ionic groups each, since 
some of these groups are utilized in rounding off the edge of the cylinder. 

In general the thickness and diameter of the cylinder (or biscuit) are 
nearly the same. 

The interfacial tension between the micelle and the water with ionic 
atmosphere is very small, but the small size of the micelle gives a rela- 
tively high internal pressure, so the micelle takes on as nearly a spherical 
shape as possible, when the other constraints are involved. The question 
which now arises is as follows: may not a spherical micelle, as proposed 
by Hartley, meet all of the conditions imposed upon it by the results of 
experiment? The ions in the micelle exhibit a repulsion which increases 
the outer area of the micelle. This should allow penetration of water 
between the polar ionic heads, thereby increasing the area per ion much 
above that found from the short X-ray spacing which is about 27 A?. 
This value may be assumed to be related to the spacing of the hydrocarbon 
chains in the inner hydrocarbon portion of the micelle, since it has the 
value of the similar spacing in a liquid hydrocarbon. 

If the spherical model is to be demonstrated as the better, then it is 
essential to show that what may be explained in the quasi-cylindrical 
model by a second dimension (diameter in addition to thickness), is due 
to differences in density of the micelle under different conditions. 
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At the present time no phenomenon or quantitative relationship is 
known which indicates the spherical model to be inapplicable. There is 
a possible exception to this. Debye and Anacker (13) by light scattering 
measurements find that the mass of the micelle of dodecylamine hydro- 
chloride is increased by a very large factor (3.25) by a small concentration 
(m = 0.046) of sodium chloride. This would indicate an increase in 
diameter of a sphere of nearly 50% if the density were to remain constant. 
Such an increase does not accord with a spherical model. On the basis of 
the quasi-cylindrical model the diameter would be increased by about 
80%. 

The quasi-cylindrical model has been discussed here because it was 
on this basis that it was considered: 

1. That n-long chain alcohols would solubilize in the micelle by 
penetration between the long chain soap ions and thus would not increase 
its thickness. 

2. That with alcohols of about half the chain length of the soap the 
more probable change would be a decrease in diameter. 


IV. DETERMINATION OF THE POSITION OF THE MAXIMUM OF THE 
M-BAND AND THE RELATED DIAMETER OF THE MICELLE 


In the work already published (6, 7, 8) the position of the maximum 
of the M-band and the value of the related diameter of the micelle, were 
calculated by empirical methods. 

In connection with this project Dr. M. L. Corrin developed recently, 
on the basis of a theory of scattering by spherical particles, a much more 
accurate method of determining the spacing, and on the basis of this theory 
the diameters of micelles which contain alcohols have been calculated. 

It is evident that several different radii for the micelle could be con- 
sidered and that each radius should be defined specifically. For example 
the mean radius of the hydrocarbon core is less than that of the micelle as 
a whole. The radii presented in this paper are presumably closer to the 
latter. The presentation of the details involved will be discussed in a 
forthcoming paper by Corrin. What is presented here is sufficient to 
exhibit the effect of alcohols on the radii of soap micelles. For each soap 
(or detergent) the radius of the micelle as determined is nearly the same 
as the length of the soap molecule, as calculated from atomic constants. 

Thus the solubilization of 3.1% of alcohol in 22.75% of the soap, 
which contains 12 C atoms per molecule, gave the greatest decrease in 
micellar radius when the alcohol molecule contained 6 C atoms, or half 
as many as the molecule of soap. However the decrease is almost as high 
as this between 3 and 8 C atoms for the alcohol. 

However there is a complication, in that the 3 lowest alcohols are 
miscible with water, so not nearly all of these alcohols are present in the 
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micelle. The 4, 5, 6, and 7 C atom alcohols have solubilities at 20°C. of 
7.9%, 2.5%, 0.59%, 0.1%, so the relative amount present in the micelle 
increases with chain length. 

The interpretation of the decrease in diameter of the micelle by 
alcohols may be that the alcohol chain is shorter than that of the soap 
and does not penetrate so far into the central portion. This would leave 
a hole, but the hydrocarbon chains of the soap fold to fill it. This 
shortens the effective length of the soap chain. Other work in this 
laboratory (16, 17) shows that whereas hydrocarbons which solubilize in 
the inner part of the micelle, have little effect on the critical micelle con- 
centration, n-alcohols produce a very great lowering (the lowering in- 
creases rapidly with the number of C atoms in the alcohol), which is 
evidence that they play a part similar to that of the soap molecules 
themselves. 

V. MATERIALS AND APPARATUS 

Most of the work was done on aqueous solutions of sodium dodecy! 
sulfate, partly because this detergent is much more stable in solution than 
the corresponding pure soap (potassium dodecanoate), partly because it 
gives very smooth, clear X-ray diffraction bands. It has the advantage 
that the J-band does not appear until a very large concentration is 
attained. 

Relatively pure sodium dodecyl sulfate (NaDS) kindly supplied by 
the Procter and Gamble Company was used for the determinations afte1 
purification by recrystallizing three times from absolute ethanol. It was 
then dried to constant weight over potassium hydroxide in a good 
vacuum. 

The alcohols were distilled and the middle constant boiling fraction 
used. 

The apparatus and experimental procedure was the same as described 
in an earlier paper (18). 


VI. Errect oF N-ALCOHOLS ON THE DIAMETER OF 
THE Sopium DopeEcyt SuLFatTE MICELLE 


The effect of n-alcohols on the diameter of the sodium dodecyl sulfate 
micelle is shown in Table I. 

It can be seen that with a 0.33 M solution of sodium dodecyl sulfate 
the addition of n-heptanol, n-octanol and n-decanol in amounts to make 
the solutions 0.281 M, 0.186 M and 0.164 M respectively, decreased the 
diameter by 1.4 A, 1.3 A, and 1.8 A, or by essentially the same small 
value. The decrease in diameter is more pronounced in solutions of 
higher detergent concentration. The changes in the diameter due to the 
same amount (3.0-3.2 g.) of n-alcohols per 100 g. of 1,02 M sodium 
dodecyl sulfate solution are also shown in Fig. 3. 
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TABLE I 


The Effect of “Penetration” on the Micelle Diameter (2ra2) 
of Sodium Dodecyl Sulfate (NaDS) 


Ss Moles of | Moles of HO es ee: ad- sels ad- 
ers lve per itive 
by a4 1000 ape ean ve Additive ae e uh & dug 2ru A(rm) 
hie water soln. only | soln. only ie 

8.65 0.30 0.33 = = —_ — 43.7 — 
8.65 0.30 0.33 Heptanol 2.98 0.257 0.281 42.3 —1.4 
8.65 0.30 0.33 Octanol 2.21 0.170 0.186 42.4 —1.3 
8.65 0.30 0.33 | Decanol 2.16 0.150 0.164 41.9 —1.8 
8.65 | 0.30 | 0.33 ea 1.85 OL16 | O27) 4430p | eH-0:8 
8.65 0.30 0.33 amine} 1.74 0.109 0.119 43.8 +0.1 


15.7 0.54 0.65 | Butanol 2.68 0.362 0.430 41.9 18) 
15.7 0.54 0.65 | Butanol 4.71 0.636 0.755 41.6 Se. 
15.7 0.54 0.65 | Butanol 6.85 0.925 1.098 41.1 —2.6 


22.75 0.79 1.02 = = aa ca 43.6 = 
22.75 0.79 1.02 | Methanol 3.12 0.975 1.262 39.7 —3.9 
22.75 0.79 1.02 | Ethanol 3.10 0.674 0.872 42.1 leo 


22.75 0.79 1.02 | Propanol 3.10 0.518 0.669 38.3 —5.3 
22.75 0.79 1.02 | Butanol 3.10 0.419 0.542 37.8 |: —5.8 
22.75 079 1.02 Pentanol 3.13 0.356 0.460 37.8 —5.8 
22.75 0.79. 1.02 | Hexanol 3.04 0.298 0.386 37.4 | —6.2 
22.75 0.79 1.02 | Heptanol 3.15 0.271 0.352 38.0 | —5.6 
2,70 0.79 1.02 | Octanol 3.04 0.234 0.303 38.0 | —5.6 
22.75 0.79 1.02 | Nonanol 3.05 0.212 0.274 39.4 | —4.2 
22.75 0.79 1.02 | Decanol 3.10 0.196 0.251 40.3 —3.3 


24.8 0.93, 1.14 = = a = 43.7 = 

24.8 0.93 1.14 | Methanol 1.28 0.400 0.532 BK) iP alts) 
24.8 0.93 1.14 | Ethanol 1.84 0.400 0.532 39.2 —4.5 
24.8 0.93 1.14 | Propanol 2.40 0.400 0.532 38.7 | —5.0 
24.8 0.93 1.14 | Butanol 2.96 0.400 0.532 BxEO |] =U! 
24.8 0.93 1.14 | Pentanol 3.59 0.408 0.543 37.5 —6.2 
24.8 0.93 1.14 | Hexanol 4.08 0.400 0.532 ? 


2 This “solution” was a clear but stiff gel. 

(The presence of alcohols, except for the low members of the homologous series, usu- 
ally increases the viscosity of the detergent solution. Addition of 4.08 g. of hexanol to 
100 g. of 24.8% sodium dodecyl] sulfate solution gave a clear but stiff gel at room tem- 
perature. It is interesting to note in this case that instead of the usual broad and diffuse 
appearance of the M-band—especially at higher detergent concentrations—now it be- 
somes a broad but distinct band, with about the same spacings as when a gel is not 


‘ormed.) (Fig. 2.). 
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Fic. 2A. The effect of gel-formation on the X-ray diffraction bands of 24.8% sodium 
dodecyl sulfate solution. Film of 24.8% NaDS with A. 3.59 g. pentanol added to 100 g 
detergent solution (viscous liquid). B. 4.08 g. hexanol added to 100 g. detergent solu 
tion (clear gel). 


0 2 4 6 8 10 
NUMBER OF G ATOMS IN ALCOHOL 


Fic. 3. The effect of n-alcohols on the diameter of micelles in 
22.75% sodium dodecyl sulfate solution. 


Table II gives values for hydrocarbons which are solubilized in the 
micelles. These are presented for comparison. 


VII. Lone I-sanp Spacines 


The long X-ray spacings used by all other investigators are somewhat 
longer than the M-band spacings. They decrease with increasing soay 
concentration, and are evidently related to the intermicellar distance 
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TABLE II 


The Effect of “Solubilization” on the Micelle Diameter 
of Sodium Dodecyl Sulfate 


G. addi- 
SSS Sete | Males | ar 
‘S wet. | 1 Risa i he Additive N abe 1000 g. 1000 g. 2rmu A(@rm) 
SolaHGn water soln. Tone, Saty 
only only only 


8.65 | 0.30 0.33 |Ethyl benzene} 2.81 0.265 0.290 54.9 11.2 
8.65 0.30 0.33 |Heptane 1.46 0.146 0.160 55.1 11.4 


However, whether there is any simple relationship between the Bragg 
value of the I-spacing and any useful mean distance between micelles in 
a soap solution, is unknown. The I-spacings deserve consideration as 
giving a qualitative idea of the distance between micelles. The values 
given below are simple Bragg spacings of the maximum of the J-band, 
which has a much sharper peak than the M-band. 

Addition of normal alcohols to a soap or detergent solution always 
causes an increase in the intensity of the J-band. The spacing of the 
I-band however is decreased by the lower, water-soluble, and increased by 
the higher insoluble alcohols. From Fig. 4 it can be seen that if the same 
weight of different alcohols (3.0-3.2 g. alcohol per 100 g. detergent 
solution) is added to a 22.75% sodium dodecyl sulfate solution, the 
I-spacing as a function of the number of C atoms in the alcohol shows a 
minimum with propanol (the highest infinitely water soluble member of 
the homologous series); butanol (its solubility in water is about 7.9%) 
still lowers the original J-spacing. Beginning with pentanol, however 


dy IN A 


10 
NUMBER orc ATOMS iN ALCOHOL 
Fig. 4. The effect of n-alcohols on the long spacing (dr) of 
22.75% sodium dodecy] sulfate solution. 
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(this is only to about 2.7% soluble in water, 7.e., below the amount added) 
the increase in the J-spacing is almost a linear function of the number of 
C atoms in the alcohol. ‘With enough alcohol the J-band commonly 
appears at a soap concentration far below the minimum at which it 
appears with the pure soap. 

Table III shows the change in the J-spacing of sodium dodecyl 
sulfate which accompanies the addition of alcohols. 

Addition of methanol or ethanol ‘to sodium dodecyl sulfate solution 
makes the X-ray pattern more diffuse so that measurement of the M-band 
is not possible with larger amounts of methanol or ethanol. The J-spacing 
decreases with increasing amounts of alcohol. However it is interesting 
that even as much as 38:9 g. methanol per 100 g. aqueous sodium dodecyl 
sulfate solution shows a diffraction pattern, thus indicating the presence 
of micelles in this highly alcoholic solution. However, the pattern is so 
diffuse that the resolution of it would be meaningless. Table IV and 
Fig. 5 show the changes in the J-spacing of sodium dodecyl sulfate with 
methanol and ethanol added. 


0 4 6 12 16 20 
GRAMS METHANOL PER 100g NaDS SOLUTION 


Fig. 5. The effect of methanol on the long spacing (dz) of 
20.0% sodium dodecyl sulfate solution. 


As mentioned before, addition of alcohols increases the intensity of 
the J-band. Butanol was chosen to study this effect in detail, partly 
because the working range of this alcohol is larger than that of the higher 
alcohols, where the penetration is limited more quickly by saturation, 
and where even before saturation gel-formation causes very difficult 
working conditions, and partly because this alcohol has quite a striking 
effect on the intensity of the J-band. 

Fig. 6 and Table V show the increased range of the J-band. The 
lines for the NaDS solution only and for 6.7 g. butanol per 100 g. NaDS 
solution, though they consist of three points only (the lines are the cal- 
culated best lines through these three points) are included to show the 
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TABLE III 
A. The Effect of “Penetration” of Alcohols on the I-Spacing 
of Sodium Dodecyl Sulfate 

Moles Moles G. addi- Moles Moles 

NaDS NaDS tive per add. é 

soln, water sol. only sol. only only 

7.65 | 0.27 | 0.29 Butanol 6.85 0.925 1.002 59.2 a 
9.0 0.31 | 0.34 Butanol 4.70 0.636 0.698 57.9 a 
10.1 0.35 | 0.38 Butanol 4.71 0.636 0.708 56.9 a 
12.5 0.43 | 0.50 Butanol 6.89 0.931 1.064 54.0 a 
13.1 0.45 | 0.52 Butanol 4.71 0.636 0.732 54.7 @ 
15.7 0.54 | 0.65 Butanol 4.71 0.636 0.755 D3.5 a 
15.7 0.54 0.65 Heptanol 2.09 0.180 0.214 63.6 te 
15.7 0.54 | 0.65 Heptanol 3.45 0.300 0.353 64.9 a 
17.5 0.61 | 0.74 Heptanol 2.00 0.172 0.209 58.9 a 
17.5 0.61 | 0.74 Heptanol 3.34 0.286. 0.349 63.3 a 
17.5 0.61 0.74 Pentanol 5.70 0.647 0.785 57.1 a 
22.75 | 0.79 | 1.021 | None — — — 53.7 — 
22.75 | 0.79 1.021 Methanol 3.12 0.975 1.262 52.3 —1.4 
22.75 | 0.79 1.021 | Ethanol 3.10 0.674 0.812 52.0 -1.7 
22.75 | 0.79 1.021 Propanol 3.10 0.518 0.669 51.2 —2.5 
22.75 0.79 1.021 Butanol 3.10 0.419 0.542 53.0 —0.7 
22.75 0.79 1.021 Pentanol 3.13 0.356 0.460 55.8 +2.1 
22.75 | 0.79 1.021 Hexanol 3.04 0.298 0.386 57.8 +4,1 
22.75 | 0.79 1.021 | Heptanol elo 0.271 0.352 59.2 +5.5 
22.75 | 0.79 1021 Octanol 3.04 0.234 0.303 60.1 +6.4 
22.75 | 0.79 1.021 | Nonanol 3.05 0.212 0.274 61.7 +8.0 
22401 O379 1.021 | Decanol 3.10 0.196 0.251 64.2 | +10.5 
24.8 | 0.93 | 1.144 | None -- — see 53.2 ee 
24.8 0:93 1.144 | Methanol 1.28 0.400 0.532 52.4 —0.8 
24.8 0.93 1.144 Ethanol 1.84 0.400 0.532 Das —0.5 
24.8 0.93 1.144 | Propanol 2.40 0.400 0.532 52.1 —1.1 
24.8 0.93 | 1.144 | Butanol 2.96 0.400 0.532 52.4 —0.8 
24.8 0.93 1.144 | Pentanol 3.59 0.403 0.543 55.8 +2.6 
24.8 0.93 1.144 | Hexanol’ 4.08 0.400 0 532 56.0 +2.8 
B. The Effect of “Solubilization” on the I-Spacing 
of Sodium Dodecyl Sulfate 

24.8 0.93 | 1.144 | Benzene St l¢/ 0.406 0.537 59.8 +6.6 
24.8 0.93 1.144 | Benzene 4.08 0.523 0.696 60.5 +7.3 


«There is no I-band noticeable in the X-ray diffraction of pure aqueous sodium 


dodecyl sulfate at this detergent concentration. 
> This “solution” was a clear but stiff gel. 


378 


WILLIAM D. HARKINS AND ROSE MITTELMANN 


TABLE IV 


The Effect of Methanol and Ethanol on the I-Spacing 
of Sodium Dodecyl Sulfate 


Moles Moles G. add. Moles Moles 
eg | eee aes h) aden 100 g. soe || ag00'¢ |. We ge aoe 
eee 1600 g. | 1000 g. NaDS NaDS water #1A | +2A 
soln. water sol. only sol. only only 
20.0 0.69 0.867 — — — — 54.6 — 
20.0 0.69 0.867 | Methanol 1.10 0.343 0.430 } 53.9 —0.7 
20.0 0.69 0.867 | Methanol 2.10 0.656 0.820 | 52.9 -1.7 
20.0 0.69 0.867 | Methanol 4.82 1.506 1.883 | 51.7 —2.9 
20.0 0.69 0.867 | Methanol 8.95 2.797 3.496 | 48.8 —5.8 
20.0 0.69 0.867 | Methanol 20.06 6.269 7.836 | 44.6 | —10.0 
20.0 0.69 0.867 | Methanol | 38.90 12.156 1.519 ? 
20.0 0.69 0.867 | Ethanol 2.13 0.463 0.579 | 54.7 | +0.1 
20.0 0.69 0.867 | Ethanol 4.85 1.054 1.318 | 50.6 —4.0 
20.0 0.69 0.867 | Ethanol 8.22 1.787 2.234 | 48.8 | —5-8 
PPATED 0.79 1.022 —_ — — — 53.7 — 
22.75 0.79 1.022 | Methanol BEL. 0.975 ZG 20 o2s3 —0.4 
22.75 0.79 1.022 | Methanol 4.82 1.506 1.949 | 48.8 —4.9 
22.75 0.79 1.022 | Methanol 6.40 2.000 2.590 | 50.0 —3.7 
22.75 0.79 1.022 | Methanol 38.90 12.156 15.736 ig 
22.75 0.79 1.022 | Ethanol 3.10 0.674 0.872 | 52.6 —1.1 
22.75 0.79 1.022 | Ethanol 4.81 1.046 1.354 | 50.5 —3.2 
TABLE V 
The Effect of Butanol on the I-Spacing of NaDS Solution 
Moles Moles G. butanol Moles Moles 
Neat | ‘pet 1000 a. | Donteod nt | Recent. | Ror dgen ral BataneL |) Ske) ae 
Solution # sate 2 one NaD§ sol per 1000 8.1 | cakL A +28 
9.0 0.31 0.34 4.71 0.636 0.699 57.9 @ 
10.1 0.35 0.38 4.71 0.636 0.708 56.9 @ 
13.1 0.45 0.52 4.71 0.636 0.732 54.7 ez 
aS 0/ 0.54 0.65 4.71 0.636 0.738 53.5 2 
17.9 0.62 0.76 4.75 0.642 0.782 52.9 cs 
21.4 0.74 0.94 4.73 0.639 0.813 52.0 -—2.0 
thot 0.26 0.36 6.85 0.925 1.003 59.2 C 
12.5 0.43 0.50 6.89 0.931 1.064 54.0 t 
15.7 0.54 0.65 6.85 0.925 1.098 53.0 € 


* There is no I-band noticeable in the X-ray diffraction of pure aqueous sodium 
dodecyl] sulfate at this detergent concentration. 
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Fic. 6. The effect of butanol on the long spacing (dr) of aqueous sodium dodecyl 
sulfate. (The squares represent aqueous NaDS§ only; the circles represent NaDS solu- 
tion with 4.7 g. butanol added to 100 g. detergent solution and the triangles represent 
NaDS solution with 6.9 g. butanol added to 100 g. detergent solution.) 


Fic. 7a. The effect of butanol on the X-ray diffraction bands of sodium dodecyl 
sulfate solution. Film of A. 15.7% aqueous NaDS solution. B. 2.7 g. butanol added 
to 100 g. of the same solution. C. 4.7 g. butanol added. D. 6.9 g. butanol added. 
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Fic. 7b. Photometer tracings of the films shown in Fig. 7a. 


difference in the range of the J-band with and without butanol. It 
should be noted that with 6.9 g. butanol per 100 g. NaDS solution the 
I-band appears even at as low a concentration as 7.65%, whereas in a 
pure aqueous NaDS solution it does not begin to appear until about 16%. 

The effect of butanol on the X-ray diffraction bands ‘of sodium 
dodecyl sulfate can be seen best in the photometer tracings of films which 
were taken with increasing amounts of butanol added to a 15.7% sodium 
dodecyl sulfate solution. As Fig. 7 shows, 2.7 g. butanol per 100 g. 
sodium dodecyl sulfate solution already causes a distinct J-band, and in 
the case of 6.9 g. butanol the J-band becomes so prominent that it over- 
shadows the M-band. (In the figures the readings on the photometer in 
arbitrary units are plotted against distance on the film. Readings were 
taken every 0.005 of an inch.) 
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SUMMARY 


1, X-ray evidence is presented which shows micelles which contain 
from a third to half as many molecules of a moderately long chain (6 to 
10 C atoms) alcohol as soap are not increased in diameter above that of 
the micelle of soap alone. On the contrary the diameter is decreased by 
as much in some instances as 6 A (Table I). This is just the opposite of 
the effect produced by the solubilization of a hydrocarbon which may in- 
crease the diameter by as much as 11 A (Table II) or even more. 

_2. Other work in this laboratory shows that whereas hydrocarbons 
which solubilize in the inner nonpolar part of the micelle have little effect 
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on the critical concentration, long chain n-alcohols produce a very great 
lowering, which is evidence that they play a part similar to that of soap 
molecules themselves. 

3. These relations indicate that the alcohols (amines and other polar 
nonpolar molecules also) form a new type of micelle in which the amphi- 
pathic molecules take a position which is essentially the same as that of 
the soap molecules, with their polar groups toward the water and their 
hydrocarbon chains between those of the soap, in which position the 
diameter is not increased. A possible explanation of the decrease is as 
follows. Consider a normal 6 C atom alcohol between molecules of a 
12 C atom soap. The chain of the alcohol cannot extend as far into the 
interior of the micelle as those of the soap. This would result in a hole 
at the inner end of the alcohol chain. However if the hydrocarbon chains 
of the soap fold into these holes, they would be partly filled and the 
effective length of the hydrocarbon chains of the soap thereby reduced, 
which would decrease the diameter of the micelle. 

4. The diameters of micelles were calculated on the basis of a theory 
of X-ray scattering from a system of spherical particles. The values 
obtained indicate a spacing of 43.6 A for sodium dodecyl sulfate, inde- 
pendent of soap concentration. 

5. Bragg spacings are listed for the long spacing or J-band used by all 
other investigators, but since no theory by which they can be utilized has 
been developed, they serve only as a qualitative indication of a change of 
distance between the micelles. 
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INTRODUCTION 


It has long been known that substances otherwise insoluble may be 
brought into solution in dilute solutions of soaps or colloidal electrolytes. 
It was found (1) that thermodynamically stable, reversible equilibria, 
and therefore a definite solubility, are involved if proper precautions 
were taken. Many investigations have since shown that this phenomenon 
occurs only to a minor degree until colloidal particles have appeared in 
the soap solution itself. The term solubilization was introduced (2,3,4) to 
distinguish this from the related but different processes of hydrotropy, 
ordinary colloidal solution, colloidal suspension, emulsification, blending, 
and cosolvency; and “solubilization”? was there defined as consisting in 
the incorporation of the substance in or upon the colliodal particles of the 
colloidal electrolyte. This, then, could depend upon the kind of colloidal 
particle or micelle that is present in a given solution. Results obtained in 
this and previous papers (5,6,7,8) show that, even for a given solubilized 
material, the solubilizing power of the micelles often differs in different 
concentrations of the same detergent, although this is not true of some 
fatty acid soaps. Hence, the micelles present in one concentration are not 
the same as those present at other concentrations of that same colloidal 
electrolyte. It is, therefore, necessary to assume different kinds of micelles 
or different proportions of different micelles for a given colloidal electro- 
lyte, depending upon such factors as concentration, temperature, added 
salts, and other added materials. 


MATERIALS 

Where not otherwise stated, experiments were carried out with Orange 
OT, FD and C Orange No. 2, 1-0-tolylazo-2-naphthol, M.W., 262.3. It 
was recrystallized from boiling ethyl alcohol to produce large, dark red 
crystals free from powder. 

For some experiments, Brilliant Oil Blue, M.W. 308, was supplied by 
the National Aniline Division of the Allied Chemical and Dye Corporation 
It was similarly recrystallized. 
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In a very few experiments, carotene (CsoHse, M.W. 536.9) was used as 
supplied by the Eastman Kodak Company. It contained 90% B- and 10% 
a-carotene. 

Sodium linolenate, with 3 double bonds, was prepared by neutralizing 
Kalhbaum linolenic acid with NaOH obtained from metallic sodium. 

Triton-B laurate was made from Réhm and Haas Triton-B (benzyl- 
trimethylammonium hydroxide, containing no unquaternized material), 
by neutralizing with the equivalent amount of Kahlbaum lauric acid. 

Sodium dihexyl sulfophthalate (M.W. 436.2) was supplied by the 
Monsanto Chemical Company. 

Aresklene “400” (M.W. 486), Aresket “300” (M.W. 311), and Areskap 
“100” (M.W. 328 )were each supplied by the Monsanto Chemical Com- 
pany and stated to be 99% pure. The formulas are given in the legend of 
Fig. 2b. 

Zephiran (M.W. determined by titration, 342.2) was supplied by the 
Sterling-Winthrop Research Institute as 97% pure. It is alkyl (coconut)) 
benzyldimethylammonium chloride. 

Cetylbenzyldimethylammonium chloride (M.W. 385.5) was supplied by 
the William S. Merrell Company as 93.3% pure. 

The sodium lauryl oxyethaneamidosulfoacetate (C1:1H2;COOC2H.- 
NHOCCH,SO;3Na), M. W. 384, was supplied by Lever Bros. as 87.6% 
active ingredient, the remainder being Na2SOx.. 

Neutronyx 228, ‘‘a fatty acid polyethylene oxide condensation product” 
(M.W. assumed 600) was used as supplied by the Onyx Oil and Chemical 
Company. 

Carbowax 4000 (M.W. approximately 2900) (a polyethylene oxide) was 
used as obtained from the Carbide and Carbon Chemical Corporation. 


EXPERIMENTAL PROCEDURE 


The precautions taken in measuring solubilization of dye are described 
in previous communications (3,7,8,9). 

Ten ml. of each detergent solution was placed in glass vials which had 
caps lined with pure gold or platinum. A small excess of the recrystallized 
dye was added to each vial and the vials inclined at a 45° angle on a rotat- 
ing shaker in a water thermostat at 25° + 0.2°C. After an agitation of 
24 hr., the vials were examined to ascertain whether any of the dye re- 
mained on the bottom of the vial. If additional amounts were required, 
the vials were allowed to shake for another 24 hr. At the end of this time: 
the vials were allowed to stand vertically in the thermostat for 2 days to 
complete the sedimentation of any suspended dye. A large excess of dye 
was avoided in order that sorption of the soap or detergent on the dye 
particles would not be appreciable. The clear supernatant liquid was 
examined in the light of a strong electric bulb. If visually clear, a 1 ml. 
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portion was removed with a calibrated pipette and diluted with 50% 
aqueous acetone. Further determinations at intervals of 2 days were made 
with repeated agitation of the samples if results agreeing within 0.2% 
transmission were not obtained within a week. 

A Lumetron colorimeter, Model 402E with a B420 blue filter was used 
for the transmission measurements of Orange OT and carotene, and a 
B590 Orange filter for the Oil Blue. 

Modifications of the method are necessary when the original detergent 
solutions are colored. For these, the percent transmission of the detergent 
solution without dye was first determined after diluting to the same con- 
centration as the diluted dye-detergent solution. The observed value, 
which was very small, was then expressed in mg. of dye/100 ml. and 
subtracted to give the final result for the dye solution. 

It is well known that sometimes in very dilute solution, a spurious 
semblance of solubilization occurs through suspension of minute particles 
of dye. The result is magnified in the subsequent calculation of the ratio of 
dye to detergent. This was avoided in a number of cases by using the 
device of McBain and Green (8) which avoid solid dye altogether. An 
almost, but not quite, saturated solution of dye is made in an indifferent 
hydrocarbon of fairly high molecular weight such as mesitylene. This is 
equilibrated with the aqueous layer. 


EXPERIMENTAL RESULTS 


The data are given in graphical form. Just as it is usual when examining 
gas laws at constant temperature to plot not only P vs. V, but also to plot 
PV vs. P; so, here, the data are plotted both in the form of mg. dye 
dissolved in 100 ml. of solution vs. concentration of detergent, and also in 
g. dye per mole of detergent vs. concentration of detergent. Each method 
has its use. 

It is customary to subtract the solubility of dye in water alone before 
plotting the data. This cannot be done here because the solubility of dye 
in water is below the level of measurement (7). Any correction to the 
graphs would therefore be wholly negligible. 


Sodium Linolenate, Triton-B Laurate, and Sodium Dihexylsulfophthalate 


The data are assembled and compared in Figs. la and b. Ordinary soaps 
usually show no solubilization until approaching the critical concentration 
for the initiation of micelles, thereupon gradually building up to an 
approximately constant ratio between moles of dye solubilized and moles 
of soap present (8). A closer examination showed that, in more concentra- 
ted solutions, they become more efficient solubilizers and the mol ratio 
rises again, particularly with sodium soaps (5). Many other detergents 
show a similar behavior. Sodium linolenate here belongs to such a type. 
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Fia. la and b. Solubilization of Orange OT by different concentrations of sodium 


linolenate, sodium dihexylsulfophthalate, and Triton B laurate saturated with solid 
dye. 
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Fig. 2a and b. Solubilization by various concentrations of three related detergents 
in equilibrium with crystalline Orange OT, and, where indicated, with Brilliant Oil 


Blue. 
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Its solubilizing power is only a little less than that of sodium oleate, more 
like potassium oleate, and double that of the laurates. The high point at 
0.015 N solution was not checked for suspension with mesitylene solution, 
but the liquid was visually clear. 


Aresklene, Aresket, and Areskap 


The data for these 3 interesting related detergents are given in Figs. 2a 
and b, where formulas are given in the title of the figure. The optimum 
solubilization point observed for Aresklene in 0.025 N solutions was found 
to be real and not due to suspended material. 

Of the 3 detergents, Aresklene, with its high molecular weight, is the 
most effective. It is very interesting in having two polar dissociated 
SO;Na groups—one of the very few polyvalent detergents hitherto tested. 
The single hydroxyl group on the second ring of Areskap is shown to be a 
handicap, in spite of the fact that the dye being solubilized is itself a 
polar substituted naphthol, and also in spite of the fact that the osmotic 
coefficients of Aresket and Areskap, as well as their conductivities, are 
practically identical (9). 


Alkyldimethylbenzylammonium Chlorides 


The alkyldimethylbenzylammonium chlorides are cationic detergents, 
which as a class, are better solubilizers than anionic or nonionic,(10), and 
that proved to be the case here. The data are collected in Fig. 3a and b 
and 5b. Several series of measurements were made with Zephiran, and the 
results given are the mean for each concentration. One thing was always 
characteristic: there was a smooth curve of g. dye/mole of detergent 
from 0.7 down to 0.3 N; there was a sudden rise to 0.03 N and just as 
sharp a decline on further dilution. In studying dilute solutions more 
closely, there appeared to be a slight maximum at 0.16 N and a slight 
minimum at 0.13 N, but these may be within experimental error. 

The very pronounced maximum at 0.03 N is not due to suspension, 
because this point was confirmed by eliminating solid dye altogether, and 
instead using a solution of Orange OT in mesitylene at a concentration 
10% less than saturation. The results with Brilliant Oil Blue also show a 
pronounced maximum at this same concentration. 


Neutronyx and the Lauric Acid Ester of N-8-Hydroxyethylacetamide 
Sodium Sulfonate 


The data for these two detergents of the same order of magnitude as the 
sodium linolenate are graphed in Figs. 4a and b. It is interesting again to 
see that a given weight of either detergent is more effective in rather dilute 
solution, although the highest point was not tested for suspension. How- 
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Fig. 3a and b. Solubilization by Zephiran and cetyldimethylbenzylammonium 
chloride showing great differences in solubilizing power of the same weight of detergent 
in different concentrations. 
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Fic. 4a and b. Solubilization of Orange OT by the nonionic detergent Neutronyx and 
the anionic sodium lauryloxyethaneamidosulfoacetate. 


ever, the Neutronyx, after its minimum in 0.01 N solution, rises again with 
concentration. 


Carbowax 


The data for the Carbowax are given in Figs. 5a and b. Conductivity 
indicated that the Carbowax contained slight electrolytic impurities. The 
apparent solubilizing power of the Carbowax is magnified by over 10-fold 
in the calculation because of the very high molecular weight of the Carbo- 


wax as compared with the soaps. Carbowax is an extremely feeble solubi- 
lizer on a weight for weight basis. 


DETERGENTS 391 


> 


7) 


OIL BLUE 


N 


ORANGE OT 


GM. DYE/MOLE DETERGENT 


0005 0,010 * 0.015 | 0.020 0025 0.030 0.035 
CONC. EQUIV./LITER 


CARBOWAX- OIL BLUE 


MG. DYE/IOO ML. DETERGENT 


° 0.04 0.08 0.12 
CONC. EQUIV/ LITER 


Fig. 5a. Grams Orange OT and, over a wider concentration, of Brilliant Oil Blue, 
solubilized by Carbowax. Weight for weight this lies far below any detergent. 

Fic. 5b. Solubilization of Orange OT and Brilliant Oil Blue by Carbowax. Also 
carotene by Zephiran; note the greatly enlarged vertical scale. (Compare Fig. 3b.) 


DISCUSSION 


In agreement with all previous evidence, solubilizing power has been 
shown to differ greatly for different detergents. In general, it is greatly 
enhanced by high molecular weight, even after taking into account the 
extra weight of a mole of detergent. Further, cationic detergents are 
excellent solubilizers. A molecule like polyethylene oxide, with no dis- 
tinctive groups at the ends, is a very feeble solubilizer, though it becomes 
very good as soon as a fatty acid radical or a substituted benzene ring is 
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attached at one end. The example of Aresklene here shows that two ioni- 
zable groups on the same molecule can give an excellent solubilizer. 

Biochemists refer to the “choleic acid principle” for bringing substances 
into solution. One might with equal lack of justification refer to a “fatty 
acid principle” when discussing soaps. Neither fatty acid nor choleic acid 
can solubilize anything in water, nor do free alkalies such as potassium or 
sodium hydroxide or Triton-B solubilize anything in avater. It is the com- 
pound, soap, or bile salt, that solubilizes by virtue of its being itself 
soluble in addition to forming colloidal particles which can incorporate in 
or upon themselves otherwise insoluble material. 

A highly significant aspect of our results is the variation in solubilizing 
power with change in concentration of the same detergent. This is shown 
especially in Fig. 3b by the cationic detergents, but it is also clearly evi- 
dent in other graphs. 

Whereas, in the simplest cases, such as with some ordinary soaps, a 
detergent may show a solubilizing power per mole that is almost indepen- 
dent of concentration once colloid is fully formed, the behavior in other 
cases is by no means so simple (5,6,7,8). In some, by far the maximum 
effectiveness is attained in dilute solution, as with Zephiran for Orange OT, 
for Brilliant Oil Blue, and for carotene; or, as with Aresklene or 
RCOOCH.NHOCCH.SO;3Na, with Orange OT. The sodium soaps (5) of 
ordinary fatty acids show a marked increase with concentration, after a 
period of uniform effectiveness, as in Fig. 1. Potassium laurate with di- 
methyl phthalate shows an optimum power in 0.1 N solution (6). Minima 
are observed in several of the curves in Figs. 2b, 3b, 4b, and 5b. Richards 
and McBain (11) found that the solubilizing power per mole of cetyl- 
pyridinium chloride for benzene, octane, and octyl alcohol was markedly 
different with different concentrations of the detergent. 

It clearly follows that the colloidal particles in a given concentration of a 
given detergent differ in solubilizing power from those in other concentra- 
tions of the same detergent. Hence, the colloidal particles in different 
concentrations must themselves be different. 

It seems evident that no one formulation of a micelle is valid over a 
whole range of concentration. The average composition and size of micelles 
have been shown by conductivity and freezing point to vary over the 
whole range (12,13). We believe that a number of different kinds, shapes 
and sizes of colloidal particles of micelles must exist in a given detergent 
solution, and that the equilibria between them shift with changes of 
concentration, temperature, and added substances. 

4 Winsor (14), in discussing certain hydrotropic phenomena, concludes 

that energy differences between the different micellar forms are small and 
that probably all three exist in equilibrium in the solution, their relative 
proportions depending upon the ratio of R and the relative proportions of 
the components of the system.” Kolthoff and Stricks (7) state, “thus it 
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seems that with dodecylamine hydrochloride and detergents behaving 
similarly, there may be at least two different types of micelles with 
different solubilizing power, and that, with increasing concentration, 
relatively more of the micelles are formed with the greater solubilizing 
power.” 

Many investigators at the present time do not recognize the existence of 
any but micelles of fixed size and composition, some assuming that the 
only micelle is a constant sphere. Others go to the opposite extreme of 
assuming that all of the colloidal electrolyte is in the form of lamellar 
micelles, either the double leaflet originally suggested by McBain, or the 
parallel arrangement of such micelles introduced by Hess and other 
German investigators in their long series of papers between 1937 and 1942. 
We consider both of these extremes untenable if all the evidence is taken 
into account. 

The density of solutions shows two critical concentrations (15,16) 
—one at the rather high concentration of about 10% which is about 
where the X-ray long spacing d; begins to appear. In lauryl sulfonic acid 
solutions the migration number rises above the first critical concentration 
but falls again abruptly at 0.06 m (17,18). 

Some colloidal electrolytes of sufficiently high molecular weight show, 
at the first critical concentration, an increase of conductivity ever. above 
that at infinite dilution (19,20,21), followed by the usual great decrease at 
higher concentration; that is, some micelles are better conductors than 
the fully dissociated ions and others of the same detergent are much less 
effective. An earlier example of a detergent giving at first an increased 
conductivity in the neighborhood of the critical concentration after 
formation of micelles was published by Haffner, Piccione and Rosenblum 
(22) and confirmed by ourselves. 

The following aspects of X-ray observations, which have been the sub- 
ject of study by many investigators, may be interpreted as supporting the 
point of view that different proportions of various micelles may exist in 
different concentrations (23), even in the same detergent. Some detergents 
give no X-ray diagrams; whereas, in others, such as soaps, they are highly 
developed, although all are fully colloidal (24). In some, the X-ray spacing 
is developed only after a small amount of organic liquid has been added. 
In soaps and closely related detergents, as first reported in the papers by 
Hess and other German workers, there is a dilute range above the first 
critical concentration at which the colloid present is not evident to X-ray 
examination. The X-ray long spacing, di, does not appear until a concen- 
tration of 5 or 10% or higher, the “second critical concentration.” This 
long spacing steadily increases in intensity with concentration. Some- 
where between the first and second critical concentration appears the du 
band discovered by Harkins’ (25) and collaborators in their own and in one 
of Kiessig’s photographs. This, for some reason, in contrast to di, passes 
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through a maximum intensity and falls off again with increasing concen- 


tration. 
It is difficult to reconcile all these phenomena with any concept of a 
single micelle of constant size and kind in all solutions of detergents. 


SUMMARY 


1. The solubilization of dyes by a series of very different detergents has 
been studied over a range of concentration for each detergent. 

2. The change in solubilizing power with change in concentration is very 
different for different detergents. Some show a pronounced maximum at a 
concentration at which they have just become colloidal. Some show maxi- 
ma and minima or other changes with concentration. 

3. It follows, in agreement with other evidence, that the micelles or 
colloidal particles in any one concentration of a detergent differ from those 
in other concentrations of the same detergent. There must be an equilib- 
rium between different kinds of micelles present in the same solution, 
changing with concentration and other factors. 
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INTRODUCTION 


Exchange resins have found many practical uses, particularly in the 
separation of rare earths, transuranial elements, and fission products. 
However, the fundamental side of the field is still in a comparatively pre- 
liminary state of investigation. Two important papers by Boyd, Schubert 
and Adamson (1) and by Bauman and Eichhorn (2) have been published 
recently dealing with the thermodynamics of ion exchange equilibria. We 
have attempted to obtain information about the strength of binding of 
various cations in the resin by an investigation of equilibria between the 
resin and electrolytes in solution and of the electrical conductivity of the 
swollen resin containing various cations. 


EXPERIMENTAL 


The commercial product 1! Amberlite IR100, on treatment with water, 
yielded a yellow liquid which was acid in reaction and probably contained 
part of the resin that had been oversulfonated. To remove all soluble 
material, the resin was left with water at 80°C. for several weeks, the 
water being renewed frequently. The hydrogen form of the resin was 
obtained by prolonged washing with N/10 HCl until the ash content was 
reduced to 0.00%, indicating that all metal ions had been removed. This 
product was then washed with conductivity water until, on standing 
with water for 2 days, no change in conductivity or pH was recorded. 
Afterwards, the resin was air-dried. The moisture content was between 
21.8 and 22.0%. 

For the exchange experiments, 0.400 g. of resin (in some series of 
experiments larger quantities were employed) was allowed to stand with 
100.0 ml. of salt solution of varying concentrations for 24 hr., the mixture 
being shaken occasionally, after which time 20.00 ml. aliquots were with- 
drawn, and the acid liberated (Az) titrated against N/50 Ba(OH)s, using 

1 We are indebted to the Resinous Products and Chemical Co., Philadelphia, and to 
the Fletcher Chemical Co., Melbourne, Australia, for the supply of resin. 
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phenolphthalein. The pH of the equilibrium solutions was determined 
using a glass electrode. Preliminary experiments had shown that the ex- 
change reaction with salts of strong acids was complete after 4—5 hr., and 
that the temperature coefficient between 0 and 40°C. was practically zero 
for the sodium-hydrogen exchange. 

Equilibrium curves for LiCl, NaCl, Na2SO., CaCl, and BaCl, were 
determined in the concentration range of 1 N to 0.002 N, reagents of 
‘“Analar” purity being used. 

Equilibria with salts of weak acids, such as sodium benzoate, sodium 
acetate, sodium monochloroacetate, sodium trichloroacetate, and calcium 
acetate were also investigated. With many of these salts it was found 
necessary to allow the resin-salt mixture to stand for much longer periods 
to obtain equilibrium (up to 48 hr.). Calcium acetate (A. R. Merck) was 
employed, and the solutions of the other salts made up by bringing the 
solutions of the acids concerned, of standard purity, to the pH of the salt 
solution calculated by the hydrolysis equation for a dilute solution. As in 
many cases, particularly in concentrated solutions, this pH differs from 
the phenolphthalein change over point; we always determined the amount 
of acid required to bring the salt solution to that point, and corrected our 
titration values of the equilibrium solutions (containing salt plus acid 
liberated) accordingly. Moreover, in order to assess accurately the amount 
of weak acid liberated by reaction of the salt with the resin, the experi- 
mental values were corrected by taking into consideration the amount 
of acid bound by molecular adsorption to the resin. For this purpose, the 
molecular adsorption of the acids concerned on the resin was determined. 

Potentiometric titrations were carried out by suspending the ground- 
up resin in N KCl solution and titrating with Ba(OH)., using a glass 
electrode and a Cambridge potentiometer. The suspension was stirred 
continuously and CO, was excluded. HCl was used for back titration. 

The sulfur determinations on a micro scale were performed by oxidiz- 
ing the resin with Na.O:z in a nickel bomb (3). We are indebted to N. L. 
Lottkowitz in this Department for carrying out the sulfur determinations. 


RESULTS AND Discussion 


The essentially strong acid nature of the resin is suggested by our 
curves of potentiometric titration (Fig. 1). The interpretation of such 
curves is rendered difficult by drifting of pH during titration and by 
hysteresis on back titration, the amount of hysteresis increasing when the 
resin is allowed to stand with alkali for 3 hours before back titration 
(Fig. 2). Gregor and Bregman (4) have shown recently, in a careful study 
of various resinous exchangers, that curves of potentiometric titration 
may not reveal the presence of weakly acid groups unless about 24 hr. are 
allowed to establish equilibrium for each addition of alkali. They were 
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MILLIEQUIV. ALKALI 


Fic. 1. Potentiometric titration of 0.40 g. Amberlite IR100 in 150 ml. N KCl. Quick 
forward titration with baryta and immediate back titration with HCl. 


O02 O04 O6 
MILLIEQUIV. ALKALI 


Fic. 2. Potentiometric titration of 0.40 g. Amberlite IR100 in 150 ml. N KCI. 
Interval of 3 hr. between quick forward titration with baryta-and quick back titration 
with HCl. 


able to show that the reactions involving weakly acid groups are much 
slower than those involving strongly acid groups, which they attribute 
to better accessibility of the latter in the resin structure. In view of these 
results, it would appear that drifting and hysteresis in our experiments 
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are the result of slow (diffusion controlled) reactions involving weakly acid 
eroups. If the quick forward titration curve can be taken as characteristic 
for the strong acid groups, Figs. 2 and 3 would indicate 1.25-1.30 x 10 
g.-eq. of hydrogen/1 g. of air-dried resin (0.78 g. of anhydrous resin) 
originating from such groups. 

The sulfonic acid groups 2 of Amberlite IR100 react with neutral salts 
in solution according to the equation 


RSO;-H+ | + Nat =| RSO; Nat 


resin phase resin phase 


+ Ee 


The equilibrium exchange curves (Fig. 3) for NaCl, Na2SOu, LiCl, CaCl, 
and BaCl:, show that, in all these cases, nearly the same value for the 
limiting exchange (at high salt concentration) is obtained. The amount 
of exchange is expressed as mg.-eq. of acid liberated/1 g. of air-dried 
resin (Az). The pH of the equilibrium solutions under the conditions of 
the limiting exchange is 2.0-2.5. Fig. 3 shows that 1 g. of air-dried resin 
contains 1.20 X 107° g.-eq. of hydrogen exchangeable in this pH range. 


o Sodium Chloride 


+ Sodium Sulphate 


O6OHW © Lithium Chloride 
¢ Calcium Chloride 


@ Barium Chloride 


O10 O30 O50 
Normality of Salt Solution 


Fie. 3. Equilibria between 0.40 g. Amberlite IR100 and 100 ml. of solutions of 
various salts of strong acids. Plot of acid liberated (Ax) in mg.-eq./1 g. of air-dried resin 
against the normality of the salt solution. 


The sulfur content of the air-dried resin is 4.19 + 0.04%. If we assume 
all the sulfur to be present in sulfonic acid groups, this corresponds to 
1.30 X 10 g.-eq. of sulfonic acid hydrogen/1 g. of air-dried resin. This 
is in excellent agreement with the strong acid equivalent indicated by 
potentiometric titration and lends support to the assumption that all the 


? The strong acid groups in Amberlite resins are —CH»—SO;H (8). 
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sulfur is present in sulfonic acid groups.? However, this acid value is about 
8% higher than that indicated by the limiting exchange at pH = 2.0-2.5, 
suggesting that not all sulfonic acid groups react in this range, even in 
presence of great excess of salt. Experiments on the resin conductance 
(cf. the following paper) also suggest that sulfonic acid hydrogen is not 
completely exchanged at pH < 3.5. 


Este 


Normality of Salt Solution 


Fic. 4. Equilibria between 0.40 g. Amberlite IR100 and 100 ml. of solutions of 
various salts of weak acids. Plot of acid liberated (Ax) in mg.-eq./1 g. of air-dried resin 
against the normality of the salt solution. 


When an approximately neutral (pH ~ 6) solution of BaCl: is 
streamed through a resin plug until all the acid formed during exchange 
is washed out and finally excess BaCl, is removed by water, the resin con- 
tains after this treatment 1.37(+ 0.02) * 10-* g.-eq. of Ba/1 g. of air- 
dried resin. This is about 5% more than the sulfonic acid equivalent calcu- 
lated from the sulfur content and from potentiometric titrations, sug- 
gesting that acid groups weaker than —SOs3H are able to exchange hydro- 
gen for metal ions at a pH near neutrality. 

3 The possibility of part of the sulfur in another sulfonic acid resin (Dowex 50) being 
present in sulfone cross-links has been suggested by Bauman and Eichhorn (2). 

The values for the sulfur content and the exchange equivalent are lower than those 
quoted by Tompkins (8). This is probably the result of the loss of soluble sulfonic acid 
during the treatment of the resin with water at 80°C. 
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Further evidence for the action of such groups emerges from equi- 
librium experiments with salts of weak acids, shown in Fig. 4. With such 
salts, except sodium trichloroacetate, the exchange value is appreciably 
greater than the content of sulfonic acid groups of the resin, and increases 
roughly in the order of decreasing acid dissociation constants, as would 
be expected. The pH in these equilibrium solutions is very much higher 
(4-8) than in the equilibrium solutions with salts of strong acids (2-3), 
and the greater exchange values are the result of acid groups in the resin 
which are weaker than —SO3H, presumably —COOH, and phenolic 
—OH coming into action at high pH. It is surprising, however, that 
sodium trichloroacetate has a lower limiting exchange value than NaCl.‘ 

Reference to Fig. 3 shows further that the limiting exchange value is 
reached at lower concentrations of the equilibrium solution for alkaline 
earth chlorides than for alkali chlorides. This may be due partly to the 
different shape of an ideal mass action isotherm involving square terms 
(cf. 2), but mainly to a stronger binding of bivalent cations. The stronger 
binding of Catt as compared with Nat is also shown on comparison of 
the equilibrium curves for calcium acetate and sodium acetate. 

The equilibria between the resin and salts of strong acids were analyzed 
by the law of mass action. 

Bauman and Eichhorn have derived a mass action expression for the 


exchange reaction by an application of the Donnan equilibrium principle. 
For the reaction 


RSO;-H+ 


| 
+ Na* =| RSO;Nat | + Ht, 


QNaRGHS 


they obtain 


QHR@NaS oie (1) 
where nar is the activity of the sodium ions and ayr that of the hydrogen 
ions in the resin phase, and anag and ays the corresponding activities in 
the solution phase. As the above expression is equal to the thermodynamic 
equilibrium constant, K., of the resin reaction, it follows that, for equi- 
libria between a strong acid resin and a strong electrolyte salt, Ka is unity. 
It may be objected that the Donnan equilibrium approach is somewhat 
artificial 5 in this case, because the behavior of ions, and of multivalent 
ions in particular (cf. the next paper), in the resin phase is different from 
that in solution. However, Eq. 1 may be postulated as an equation defin- 


; 4 The same was found by Heymann and Rabinoy (5) for the reaction between sodium 
trichloroacetate and the carboxyl groups contained in cellulose and oxycellulose. 
5 The experiments of Bauman and Eichhorn have shown that the penetration of HC! 
into the resin is not quantitatively described by the Donnan equations. 


CATION EXCHANGE RESIN. I 401 


ing the exchange equilibrium, viz.: 


GnaRQHS _ ynarLNat Jrvusl Ht ]s cg eal (2) 
QHRONaS yarLH* JrynaslNat |s Prac, 


because the resin would not be expected to show preference for any uni- 
valent cation, if the ionic constituents of both resin and solution phase 
behaved as ideal mixtures. Any deviation from this state may be expressed 
either in terms of an equilibrium constant or in terms of ratios of activity 
YER ond 18S. 
YNaR YNaS 

We cannot evaluate K, from experimental data because the activity 
coefficients in the resin cannot be determined by independent methods.® 
However, we can calculate 


LNat Jrvus[ Ht Js 


coefficients, viz. 


LH* Jrynasl Nat ]s — kK. (3) 
Comparison of Eqs. (2) and (3) gives 
may (4) 


YNaR 


The ratio of activity coefficients of hydrogen and metal ion in the resin 
may thus be estimated from equilibrium data, but the values obtained 
will only be approximate for reasons explained later. 


NORMALITY OF SALT SOLUTION 


Fic. 5. Plot of K’ against the normality of the salt solution. 


Fig. 5 shows values of K’ in exchange experiments with a hydrogen 
resin and solutions of NaCl and LiCl. The activity coefficients in the solu- 
tion phase were taken from Landolt-Bornstein, and it was assumed that 
the mean activity coefficient of a salt in a mixture was the same as that of 
the pure salt at the ionic strength of the mixture. 


6 We are in doubt as to whether one suggested method of calculating activity coefh- 
cients (1), employing an empirical treatment due to Kielland (6) and based on the van 
der Waals’ equation, is sound. The suitability of the latter equation for a system in which 
the deviation from ideality is partly due to Coulomb forces, is questionable, 
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K’ is the ratio of activity coefficient of hydrogen to that of the respec- 

tive univalent cation in the resin phase. It is seen that JER ee y 
YLiR YNaR 

but both ratios do not seem to be very different from unity for very dilute 

solutions of electrolyte. Boyd, Schubert and Adamson (1) have suggested 

that, for univalent ions which are not widely different in size, the activity 

coefficient ratio in the resin phase should be approximately equal to unity. 

The fact that the activity coefficients of H+ and of alkali metal ions 
for small concentrations of the latter) in the resin are of the same orders 
of magnitude is good evidence in favor of the strong acid nature of the 
resin. For weakly acid groups, we would except yur K ynar- 

The equilibrium curves (Fig. 3) for the chlorides of the bivalent cat- 
ions reach the limiting exchange at very low concentrations of these salt) 
in the solution and are, therefore, not suitable for the calculation of equi- 
librium constants. The experiments indicate, however, that K’ is greater 
than for uni-univalent electrolytes in qualitative agreement with Boyd, 
Schubert and Adamson. The bivalent cations are bound more strongly by 
the resin than the univalent ones. 


GRAMS OF RESIN 


Fia. 6. Plot of K’ and of the pH against the weight of the resin at constant initial 
normality (0.1 N) of the salt solution. 


Fig. 5 shows that K’ varies appreciably with the concentration of the 
salt solution in experiments in which the ratio of weight of resin to volume 
of solution is kept constant. For reactions between hydrogen resin and 
alkali chlorides in solution, K’ decreases with increasing concentration of 
the latter, corresponding with increasing concentration of bound alkali 
metal ion in the resin phase.’ Similarly, in experiments in which the ratio 
of resin to salt solution is varied (Fig. 6), but the initial salt (LiCl) con- 
centration in the solution is kept constant, K’ increases with increasing 
ratio of resin to salt solution, which corresponds with decreasing pH in 


the solution and a decreasing concentration of bound alkali metal ion in 
the resin phase. 


’ The limiting concentration of bound alkali metal ion in the resin phase is about 1 — N. 
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A moderate variation of K’ = ae in the experimental concentration 


NaR 


range would be expected as a result of the same causes which are re- 
sponsible for the well-known variations of activity coefficients of HCl 
and of alkali metal salts with concentration in aqueous solution. In that 


YHC1 . : ¢ ; : 
, for instance, increases with increasing concentra- 
Cl 


case, however, 


; J YHR : 2 5 : 
tion. The decrease of K’ = me with increasing concentration would, 
NaR 


therefore, appear to be due to additional effects peculiar to the system 
under investigation, some of which are listed below: 


(a) Eq. 4 is only approximate, due to the neglect of varying degrees 

of swelling with different cations and different salt concentrations 
(Gregor, 7). 

(b) The assumption that the activity coefficient of a salt solution 

containing a mixture of two salts is the same as that of the pure salt at 

the ionic strength of the mixture is correct only for solutions of low ionic 

strength. At higher ionic strengths, K’ may, therefore, depend also on 

the activity coefficient ratio in the solution. 

(c) Apart from the exchange reaction, there will be a penetration of 
salt into the swollen resin phase, the extent increasing with increasing 
concentration of salt in the solution. Hence, the total ion concentration 
in the swollen resin phase will be greater in equilibrium with a concen- 
trated salt solution than with a dilute one. As a consequence, the activity 
coefficients of H+ and of the metal ions in the resin phase will be influ- 
enced with increasing concentration in the solution, but not necessarily 
to the same extent. 

Furthermore, a decrease of K’ with increasing concentration of the 
salt solution, and with decreasing ratio of resin to salt solution at constant 
initial concentration of the latter, could be visualized if there were either 
—SO3H groups of varying acid strength in the resin, or if some of the 
more weakly acid groups could take part in the exchange reaction under 
the conditions of the equilibrium experiments at low pH. The latter 
alternative is improbable in view of the results discussed previously, and 
also in view of some experiments on resin conductance which will be 
discussed in the next paper. Nevertheless, it is noteworthy that Bauman 
and Eichhorn, working with Dowex 50, which is reported to contain little 
or no —COOH, have obtained good constancy for their equilibrium con- 
stants up to concentrations in the solution of 1 NV. 


SUMMARY 


1. Equilibria between a sulfonic acid resin (Amberlite IR100) and 
salts of strong and weak acids are investigated. The limiting exchange (at 
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high concentrations) is nearly the same for all alkali and alkaline earth 
chlorides and sulfates at low pH. It is greater for salts of weak acids, at 
higher pH, and increases in the order of decreasing acid dissociation 
constant. This suggests that the resin contains groups which are more 
weakly acid than —SO3H, probably — COOH and phenolic —OH. The 
limiting exchange at pH = 2.0-2.5 is a few per cent below the strong acid 
equivalent as characterized by the sulfur content and the potentiometric 
titration curves. 

2. The law of mass action is applied to resin equilibria with salts of 
strong acids. The ratio of activity coefficients of the hydrogen ion to that 
of metal ion in the resin phase shows a marked variation with the experi- 
mental conditions. A number of possible causes for this is discussed. 
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INTRODUCTION 


As pointed out in the preceding paper, there is no possibility of an 
experimental determination of ionic activities in the resin phase, but a 
calculation from the activities in the solution in equilibrium with the 
resin may be possible by a treatment similar to that suggested by Hartley 
and Roe (1) for the calculation of activities at interfaces. This treatment, 
however, involves the ¢-potential between the resin and the solution. 

We attempted to measure the ¢-potential using the streaming potential 
method. Purified granular resin was packed in a cylindrical tube between 
two perforated platinum electrodes, coated with a layer of silver and 
silver chloride to avoid polarization, and water streamed through this 
plug. It was soon found that a determination of the ¢-potential of a cation 
exchange resin is not possible in this way, because the swollen resin phase, 
although free from foreign electrolyte, has a conductivity more than 1000 
times greater than that of ordinary distilled water. Thus, the electrodes 
between which the streaming potential is to be measured are virtually 
short-circuited by the well-conducting resin phase, and, as a consequence, 
the streaming potential is very small, although the ¢-potential may be 
appreciable. We thus have conditions in which the Helmholtz-Smolu- 
chowski equation cannot be applied. 

The high conductivity of the swollen resin phase of a cation exchange 
resin of the sulfonic acid type is due to a large number and an appreciable 
mobility of hydrogen or alkali metal ions in the resin phase as a result of 
the strong acid nature of the —SO3H groups. Conductivity measurements 
may, therefore, be expected to give an estimate of the degree of freedom 
of various cations in the resin. 


EXPERIMENTAL 


It was desired to measure the electrical conductivity of a plug of 
swollen resin under circumstances in which one ionic species could be 
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replaced by another without removing the resin from the conductivity 
cell. A cylindrical cell, shown in Fig. 1, was used. The two electrodes were 
perforated platinum discs, 1.35 em. in diameter and coated with platinum 
black. The distance between the electrodes varied between 2.0 and 4.0 
cm. in different experiments, and quantities of resin from 2.5 to 4.0 g. 
(grain size: 0.2-1.0 mm.) were packed between them. The cell was con- 
nected to a container holding the salt solution under investigation. The 
resistance of the resin plug was determined by a Wheatstone net, using 
induction-free shielded resistances and a ratio arm, a variable condenser 
parallel to the cell and a telephone, the source of current being a 1000 
cycle valve oscillator. The cell constant (C) was calculated from the 
dimensions of the cell. 


+———To Conductivity 
Bridge 


Outlet for 
Streaming 
Liquid 


Ig Perforated Platinum 
me Electrodes 


Platinum Wire 
~————~__ Sealed through Glass 


\To Conductivity Bridge 


Inlet for Streaming Liquid 
CONDUCTIVITY STREAMING CELL 


Fic. 1. Conductivity streaming cell. 


The resistance of the hydrogen resin was determined first, and a solu- 
tion of a salt streamed through the plug afterwards. To free the plug from 
excess salt when the exchange reaction was complete, conductivity water 
was streamed through until the resistance became constant. This is the 
resistance of the resin salt. The course of the exchange reaction and the 
removal of acid and excess salt was followed by measuring the resistance 
of plug and effluent, and also the pH of the effluent. It is noteworthy that 
the resistance of the plug of resin salt (e.g., Na resin) remains constant 
while water is streamed through, and the conductivity of the effluent 
water is not appreciably higher than that of the influent. The salt of a 
strong base and the strong resin acid is thus not decomposed by hydrolysis 
(cf., however, the succeeding section). 
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After treatment with one salt solution, N/10 HCl, or N/10 HNO; in 
some cases, was streamed through the plug to remove the bound metal 
cations, and conductivity water afterwards to remove the acid, a check 
being maintained on the conductivity of the plug and effluent water to 
show when the removal of acid was complete. Then another salt solution 
was streamed through and the procedure repeated. 

All experiments were carried out with salts of A.R. purity. Resistance 
values were recorded at 18.0°C. Variation of the A.C. between 1000 and 
3000 cycles caused no variation of the resistance. In most experiments, 
the salt solutions were N/10, but higher concentration gave the same 
conductivity of the resin salt after excess electrolyte was washed out. It 
made no difference whether chlorides, nitrates or sulfates were used. 

After the cell had first been packed, the resin plug was left in contact 
with water for a few days before the experiment was started in order to 
allow swelling to take place. Moreover, it was necessary to carry out 
several exchange experiments before reproducible results could be 
obtained. 

An alternative method for the removal of alkali metal ions is that of 
electrolysis of the resin plug between perforated platinum electrodes with 
simultaneous streaming of water to remove the electrolysis products. This 
method may be convenient generally in order to regenerate an alkali 
metal resin to the hydrogen form, particularly if only 75-80% regenera- 
tion is required. Complete regeneration by electrolysis is uneconomical 
because the current yield decreases rapidly as the regeneration proceeds, 
since the mobile hydrogen ions in the swollen resin phase carry an increas- 
ing fraction of the total current in place of the alkali metal ions, which are 
virtually the sole current carriers at the beginning of the electrolysis. 
Electrolysis is, however, not suitable for the regeneration of alkaline earth 
and heavy metal resins because of their low conductivity (cf. succeeding 


section). 
RESULTS AND DISCUSSION 


I 


From the cell resistances (R) obtained and the cell constant (C) were 
derived the following conductivities: 

(1) The specific conductivity (x) of the plug. This is an average con- 
ductivity of swollen resin plus free water contained between the electrodes. 


(2) The equivalent conductivity, A = = n representing the number 


of equivalents of exchangeable hydrogen/cc. of cell space. The value of 
A is characteristic for the swollen resin phase since the conductivity of the 
water is negligibly small compared with that of the resin phase. 

Several series of experiments were carried out, with varying distance 
between the electrodes and varying tightness of packing. One series is 
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reported in detail (Table I) to give an idea of the degree of reproducibility 
achieved; /, is the equivalent ionic conductivity at infinite dilution for an 
aqueous solution at 18°C. 

Table II shows average values for each ionic species bound in the resin 
for two plugs of different length. 

Plugs 6 and 7 differ with respect to the distance between the electrodes 
and the tightness of packing as shown by the values of n. The values of 
A and l,/A vary somewhat with the tightness of packing owing to a varia- 


TABLE I 


Amberlite IR100 


Plug 6: 1.35 cm. diam.; 4.0 cm. length. Weight of resin: 3.53 g. 
C =2:79 cem.1; n = 7.64 X 107? equiv./cm.® 


Ion R in ohms «x X 103 A le 1e/A 
Nat 1820 1.54 2.01 43.4 21.6 
BE 204 13.6 17.9 313.9 17.5 
Nat 1835 1.52 1.99 43.4 21.8 
Ht 204 13.6 17.9 313.9 17.5 
Nat 1845 1.51 1.98 43.4 21.9 
Jas 201 13.9 18.2 313.9 17.3 
Kt 1345 2.07 2.72 64.6 23.8 
ish 203 13.8 18.0 313.9 17.5 
NH,t 1150 2.43 3.18 64.7 20.4 
Ht 202 13.8 18.1 313.9 17.4 
bles 2515 ia a 1.45 33.3 22.9 
H* 203 13.7 18.0 313.9 1S 
1hGe 1375 2.03 2.66 64.6 24.3 
lab 201 13.9 18.2 313.9 17.3 
Nat 1855 1.50 1.97 43.4 22.1 
1s he 201 13.9 18.2 313.9 17.3 
NH,t 1155 2.42 3.16 64.7 20.4 
take 201 13.9 18.2 313.9 17.3 
Lit 2495 1.12 1.46 33.3 22.8 
He 202 13.8 18.1 313.9 17.3 
Lit 2515 TAT 1.45 33.3 22.9 
Jaye 197 14.2 18.6 313.9 16.9 
Mgt* 7000 0.40 0.52 45.9 88 
elas 196 14.2 18.6 313.9 16.8 
Cain 7320 0.38 0.50 51.9 104 
Ht 195 14.3 18.7 313.9 16.8 
Batt 12700 0.22 0.29 55.4 190 
15 [i 202 13.8 18.1 313.9 17.4 
Nat 1850 1.51 1.98 43.4 22.0 
Kt 1380 2.02 2.65 64.6 24.4 
late 197 14.2 18.6. 313.9 16.9 
Agt 8620 0.32 0.42 54.0 127 
lal 201 13.9 18.2 313.9 17.3 
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TABLE II 


Amberlite [R100 


Plug 6: 1.35 cm. diam. ; 4.0 cm. length. Weight of resin: 3.53 g. 
C = 2.79; n = 7.64 X 10-4 equiv./em.32 


Ton R in ohms A le le/A 
in Gay 200 + 5 18.3 313.9 17.2 
Lit 2505 + 10 1.46 33.3 22.8 
Nat 1849 + 5 1.98 43.4 22.0 
Kt 1375 + 5 2.66 64.6 24.3 
NH,* 1153 + 5 3.17 64.7 20.4 
Agt 8600 + 100 0.42 54.0 130 
Mgtt 7000 + 100 0.52 45.9 90 
Catt 7300 + 100 | 0.50 51.9 100 
Batt 12700 + 200 0.29 55.4 190 
La3+ 45000 0.07 61.0 ~ 900 
Tht 74000 0.05 23.5 ~1000 


Plug 7: 1.35 cm. diam.; 2.64 cm. length. Weight of resin: 2.49 g. 
C = 1.84; n = 8.18 X 10-4 equiv./em.? 


Ton R in ohms A le le/A 
He 133 17.0 313.9 18.6 
Lit 1620 1.39 33.3 1 24.0 
Nat 1203 1.87 43.4 23.2 
IMGs 870 2.59 64.6 24.9 
NH,t 753 2.99 64.7 21.6 


@ Tn all experiments on resin conductance, the value of 7 is calculated from the limit- 
ing exchange (1.20 X 1073 g.-eq. of exchangeable hydrogen/1 g. of air-dry resin). If n is 
calculated from the sulfur content or the potentiometric titration curves (1.30 xX 10-3 
z.-eq.), the values of A become 8% smaller and those of |./A 8% greater. 


tion of the effective cross-section of the plug. However, the order of the 
A and 1,/A values for the various ions bound in the resin is the same for 
all plugs investigated irrespective of the experimental conditions. 

The reproducibility in one plug is of the order of +2% for the hydro- 
yen resin, +0.5% for the alkali metal resins, but much less for resins in 
which the hydrogen is substituted by multivalent ions. As the accuracy 
of the resistance measurement is greater than the above figures, the ex- 
perimental limits of accuracy are determined by the degree of complete- 
ness of the exchange reaction and perhaps by variations in the degree of 
swelling of the resin plug. 

II 

The resistances listed in Table II can be classed in 4 groups: the 

1ydrogen resin, having a low resistance; the alkali metal resins possessing 
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somewhat higher resistances; next come the silver and alkaline earth 
resins, and finally the lanthanum and thorium resins, which are very poor 
conductors. These resistances are determined by the degree of tightness 
of binding and the mobility of the respective ion. Hydrogen ion is weakly 
bound in the anion sponge of the sulfonic acid resin, —SO3-Ht being 
strongly acidic, and has a high mobility. The alkali metal ions are also 
weakly bound, alkali metal salts of sulfonic acids being strongly dissoci- 
ated, but alkali metal ions possess a lower mobility than H*. Silver and 
the multivalent ions are obviously bound fairly firmly, as shown by the 
high resistances and small A values. 

The differences in tightness of binding are shown more clearly on con- 
sidering the J,/A values. A small value indicates comparatively free migra- 
tion, whereas a large value indicates strong restriction of migration. The 
values of 1./A are of the same order of magnitude (17-24) for the alkali 
metal resins (incl. NH,*) and the hydrogen resin. In other words, for these 
ions the conductance in the swollen resin phase is roughly proportional to 
the mobility at infinite dilution of the ion in water. Thus, the restriction 
to ionic migration imposed on these ions “bound” in the resin is of the 
same order of magnitude for all ions of this group. The equivalent ionic 
conductivity is about 20 times smaller than in aqueous solution at infinite 
dilution. This reduction is largely due to the porous labyrinth structure of 
the resin, which lengthens the effective path and reduces the effective 
cross-section available for migration. It is interesting to note that for 
NaCl the diffusion rate also is very much smaller in a resin than in aqueous 
solution (2). Interionic attraction is likely to make only a comparatively 
small contribution to this restriction of ionic migration; this is suggested 
by a comparison of the equivalent conductivity of the respective salt in 
water, at a concentration corresponding to that in the resin phase, with 
the Ax value of the salt. 

The next group includes Ag+, Mgt+, Ca++, and Batt. In this group 
there is no proportionality between resin conductance and ionic mobility 
in aqueous solution, suggesting that the energy barriers involved in ionic 
migration of these ions in the resin are very different from those of the 
first group. The stronger binding is suggested by the higher 1,/A values. 
The resin salts of this, as well as of the following group, show little dis- 
sociation, as evidenced by the low conductivity. 

The rate of the exchange reactions in this group is much smaller than 
with alkali metal salts (cf. also 3). 

Lanthanum and thorium, having 1,/A values of the order of 1000, and 
very small resin conductances, are still more strongly bound than bivalent 
cations. The exchange reactions are very slow in this group, and the 
reproducibility of the resistance measurements is much less satisfactory 
than in the previous cases. This is probably accounted for by varying 
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degrees of completeness of the exchange reactions, as small amounts of 
unexchanged H* will have a large influence on the plug resistance. In 
addition, exchange involving complex or partly hydrolyzed ionic species 
may cause complications in this group. 

The values shown in Table II suggest the following series for the 
strength of binding: — 

Th** > La*+ > Ba++ > Agt > Cat+ > Mg*+ > alkali metal ions > Ht. 

The quantity which has been described somewhat loosely as “strength 
of binding” on the evidence of the /./A values may in future be expressed 
in terms of potential energy barriers involved in ionic migration. The 
order of the height of these barriers is similar to that suggested by the 
equilibrium studies of Boyd, Schubert and Adamson (4), except in the 
case of the alkali metal resins (cf. later). 

The behavior of the various resin salts bears some resemblance to that 
of salts of different solubilities. The alkali metal resins showing large rates 
of reaction and comparatively high conductivity, which is proportional to 
the ionic mobility in dilute solution, must have a diffuse arrangement of 
the cations in the swollen resin. On the other hand, the resin salts of 
multivalent ions, and of silver, showing small rates of reaction, large 
values of K’ (cf. the preceding paper) and low conductivities are likely to 
have their cations more closely associated with the negative groups of the 
resin and resemble sparingly soluble salts. The tightness of binding of 
cations in the resin salts may be expected to depend on: 


(1) the attraction between the negative groups of the resin and the 
respective cation which increases with increasing charge (valency) of the 
latter; and 

(2) the hydration of the cation. With bivalent cations /./A decreases 
with increasing energy of hydration. 


The J,/A value of the silver resins is much higher than that of resin 
salts with other univalent cations; moreover, the exchange reactions in- 
volving silver are slower. The behavior of this metal is, thus, irregular. 
This has a parallel in the small solubility of silver salts of many organic 
acids. 

The /,/A value of hydrogen is of the same order of magnitude as that 
of the alkali metal ions. This illustrates well the strong acid nature of the 
sulfonic acid resins. If they were weakly acidic, hydrogen would be mainly 
covalently bound, and, as a consequence, the resin conductivity would 
be low and I,/A high. 

Ill 


We investigated another Amberlite resin of a sulfonic acid type 
(IR100-H.A.G.). This resin was completely freed from soluble material 
and had undergone several exchange cycles before it was supplied to us. 
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The rate of exchange is smaller than with Amberlite IR100, and the 
limiting exchange at pH = 2.0-2.5 slightly greater, namely 1.38 X 107% 
g.-eq. of exchangeable hydrogen/1 g. of air-dried resin (moisture con- 
tent: 19.0%). 

Table III shows the results obtained. 


TABLE III 


Amberlite IR100-H.A.G. 


Plug 8: 1.35 em. diam.; 3.65 cm. length. Weight of resin: 3.54 g. 
C = 2.55; n = 9.34 X 10 equiv./cm.* 


Ion R in ohms A le le/ A 
1 ber 905 3.02 313.9 104 
Lit 14,400 0.189 33.3 176 
Nat 10,200 0.268 43.4 162 
MGs 8,200 0.333 64.6 194 
NH,t 6,900 0.396 64.7 164 
Mgtt 62,000 0.044 45.9 1040 
Cats 48,000 0.057 51.9 910 
Batt 73,000 0.037 55.4 1480 


This resin shows the same gradation of values of R, A, and 1,/A as 
the previous one, but the absolute values of R and l,/A are 6-10 times 
greater than for Amberlite IR100. This is most probably due to smaller 
porosity, which is also indicated by the comparative slowness of the 
exchange reactions. As a consequence, the migration of all ions is more 
strongly impeded in this resin than in Amberlite IR100. 


IV 


The question arises as to whether the comparatively small differences 
in 1./A between the alkali metal ions can be regarded as significant for 
the tightness of binding or whether there are other effects which may 
modify the value of /,/A. If the results could be interpreted solely in terms 
of strength of binding, the order would be 

KF > ‘Lit > Nav> NP Suh 
for Amberlite IR100, and 
K* > Li > Na? {NS A 


for Amberlite IR100-H.A.G. These series are not in agreement with that 
obtained by Boyd, Schubert and Adamson (4) from their equilibrium 
studies with Amberlite IR1, which is 


KY > NA Na eben, 
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Nevertheless, it must be borne in mind that equilibrium constants and 
activity coefficient ratios vary with the experimental conditions, as shown 
in the preceding paper. On the other hand, the discrepancy may be the 
result of second order effects which may modify the resin conductivity. 

Firstly, there is the effective pore diameter of the resin in relation to 
the diameter of the hydrated ions to be considered. The hydrogen ion, 
notably possessing an anomalous (Grotthuss-like) mechanism of migra- 
tion, may be less impeded in the labyrinth structure of the resin than the 
strongly hydrated Lit. This may account for the discrepancy of the 
position of H+ and Lit in the /,/A series as compared with the equilibrium 
series. This argument receives a measure of support from the fact that 
the finely porous Amberlite IR100-H.A.G. shows a greater difference 
between the /./A values of hydrogen and of the alkali metals than Amber- 
lite IR100, which has a more open structure. In fact, the possibility of 
the migration of H+ involving partly a proton transfer between H;0+ and 
— COOH or —OH groups of the resin, in addition to the proton transfer 
between H3;0+ and H,O which characterizes the migration in water, may 
be taken into consideration. 

Secondly, varying degrees of swelling of the resin due to the different 
cations may affect the values of R and 1,/A. Our experience does not sug- 
gest thus far that the swelling is responsible for more than second order 
effects in the case of Amberlite IR100 and IR100-H.A.G. Preliminary 
experiments with Dowex 50 have shown, however, that the differences 
in swelling between the various resin salts are much greater with Dowex 
than with the Amberlites, rendering the interpretation of conductivity 
data with Dowex 50 more difficult. 


v 


Up till now we have assumed in this discussion that the exchangeable 
hydrogen originates from the sulfonic acid groups. However, as the solu- 
tions streamed through the plug are nearly neutral, there is a possibility 
that a small amount of more weakly acid groups, such as — COOH, may 
take part in the reaction (cf. the preceding paper). Evidence in favor of 
this suggestion emerges from several experiments in which KC1 and NaCl 
solutions of various pHs were streamed through the resin plugs, and the 
resistances were determined after the salt solution was replaced by water. 
Fig. 2 shows the plug resistances (R) in water in relation to the pH of the 
salt solution streamed through the plug; the desired pH was obtained by 
adding appropriate amounts of HC] to the salt solution. At low pH, R is 
low because only part of the hydrogen of the —SO3-H* groups is replaced 
by Kt or Nat. R& increases with increasing pH, because replacement be- 
comes more complete, and reaches a maximum at pH ~ 3.5, but falls 
slightly at higher pH. This falling off is probably due to a (partial) re- 


414 E. HEYMANN AND I. J. O'DONNELL 


3 
* 
. 

ore 42 
ng o> 
Es ot 
56 28 
oi i= 
wad a— 
ries 4 @ 
op er 
n= awe 
ow aa 
ae SE 
gE a. 

=< 
a 


Py of Salt Solution passed through Plug 


Fig. 2. Resistance of plug of resin salt (Na, K) in water plotted against the pH 
of the salt solution (NaCl, KCl) that was streamed through the plug. 


placement of hydrogen belonging to a more weakly acid group (e.g., 
—COOH) by Kt or Nat at pH > 3.5, since the alkali salts of such acids 
are more strongly dissociated than the acids themselves. The effect is 
only small—R at pH = 5 is about 3% smaller than at pH = 3.5—either 
because there is only a small number of weak acid groups capable of react- 
ing in this pH range, or because of partial hydrolysis of the K or Na salts 
of weakly acid groups on streaming water through the plug (cf. later). 
The experiments suggest that the replacement of sulfonic acid hydrogen 
by alkali cations is complete at pH = 3.5. 

There is experimental evidence for the occurrence of a hydrolytic 
change involving the salts of weakly acid groups. Fig. 3 shows the change 
of resistance of a plug of resin, originally in the hydrogen form, with time, 


TIME IN MINUTES 


Fig. 3. Resistance of a plug of resin, originally in the hydrogen form, while an 
N/10 KCI solution is streamed through, plotted against time. 
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while N/10 KCl solution (pH ~ 6) is streamed through. At first there is 
a fall of resistance owing to the liberation of HCl, but the resistance soon 
rises as the more mobile H+ in the resin phase is replaced by the less mo- 
bile K*. On further streaming (beyond point A) of the KCI solution, the 
resistance decreases slowly. We interpret this as being due to reaction of a 
weakly acid group with KCl with the formation of a strongly dissociated 
salt, but the possibility of a change of the amount of swelling being partly 
responsible cannot be excluded with certainty. At this stage (point B), 
the pH of the effluent is slightly lower, and its conductivity slightly higher, 
than that of the influent, due to the formation of a small amount of HCl 
on reaction of a weakly acid group of the resin with KCl. If, subsequently, 
water is streamed through the plug, the pH of the effluent water is slightly 
higher than that of the influent, owing to hydrolysis of the K salt of a 
weakly acid group. The resistance of the plug after this procedure is the 
same as that obtained when streaming of KCl was interrupted at point A 
and water streamed subsequently. It is likely, therefore, that, on reaching 
point A, all —SO3H groups, and perhaps also some more weakly acid 
groups, have reacted, and that, on further streaming of KCl solution, 
reaction occurs with groups which are more weakly acid than the previous 
ones and whose potassium salts are easily hydrolyzed. These experiments, 
together with those shown in Fig. 2, constitute additional evidence for the 
facts established in the previous paper, namely, that the resin contains, 
besides —SOs:H, groups of various acid strengths whose salts are hy- 
drolyzed to different extents. 


SUMMARY 


1. The electric conductivity of swollen resin plugs packed between 
perforated platinum electrodes, and containing various bound cations, is 
investigated in a special streaming cell, which allows of replacement of 
one ionic species by another in the same plug. This method proves to be a 
useful tool in the investigation of the strength of binding of cations in the 
resin. 

2. The hydrogen resin is a fairly good conductor; the conductance of 
alkali metal resins is about 6-12 times smaller, while resins in which hydro- 
gen is replaced by ions of higher valency, or silver, are poor conductors. 
For hydrogen and alkali metal resins, the resin conductance is roughly 
proportional to the mobility of the respective cations in water, but no 
such proportionality exists for resins containing silver or ions of higher 
valency. It is concluded that the latter are much more tightly bound than 
the former, the order being 


Thit > La3+ > Bat+ > Agt > Catt > Mgtt > alkali metal ions > H*. 
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3. The variation of the resistance of plugs of alkali metal resins with 
the pH of the salt solution used in the exchange reaction is studied. The 
resistance has a maximum at pH ~ 3.5 but falls when the pH of the salt 
solution is higher. It is suggested that up to pH ~ 3.5 the —SOsH groups 
are involved, but that groups of a more weakly acid nature come into 
action at higher pH. There is evidence of hydrolysis of alkali metal salts 
of the latter groups on streaming water through the resin plug. 
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INTRODUCTION 


The force-area diagram for films of soluble surface-active agents on 
water cannot be studied by the ordinary film balance techniques because 
of the tendency of the film to leave the surface and enter the bulk of the 
liquid when the film is compressed. 

A previous approach to eliminate this difficulty was to study higher, 
insoluble homologues of the compound of interest. For this reason the 
C22 sodium alkyl] sulfate (1) and alkyl pyridinium halides (2) have been 
studied. However, the quite different type of curves obtained (two-di- 
mensional solid in the first case, vapor in the second) cannot with any 
assurance be extrapolated to the lower soluble homologues now under 
examination. The present approach is directly to study the compounds 
of interest, but to vary the substrate and to use rapid compression of the 
films. By using a sufficiently high concentration of salt in the substrate, 
all the detergents reported on here can be made nearly insoluble, and a 
force-area diagram can therefore be obtained if compression is sufficiently 
rapid. 

MATERIALS 

Aerosol OT (sodium di-2-ethylhexylsulfosuccinate) was the 100% 
grade of the American Cyanamid Co. Dodecyl] sodium sulfonate was a 
preparation from the Laboratory of Professor H. V. Tartar, University 
of Washington. Alkyl sodium sulfates were special preparations fur- 
nished by the duPont Co. The E-607 derivatives [(N-acylethanolamino- 
formylmethyl) pyridinium chlorides] were especially purified samples 
furnished by the Emulsol Corporation. 


APPARATUS 

Because compression must be rapid, some type of recording film 
balance must.be used. In the present work, this device was a simplified 
version of the Wilhelmy-Dervichian balance (3). The compression 
barrier was automatically driven by arms riding on a helical screw driven 

1 This work was carried out under a contract between the Office of Naval Research 
and Stanford University, under the direction of Professor J. W. McBain. 
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by an adjustable speed D.C. shunt motor (which gives a constant, but 
only approximately known, speed). These arms also operated switches 
near the start and end of the compression that made reference marks on 
the kymograph sheet running during the experiment. The position of 
the balance arm was read through a telescope and scale. Marks can be 
made on the kymograph sheet by a hand key at any desired scale interval. 
Fig. 1 gives a schematic diagram of the balance’s electrical circuit. From 
the kymograph record, and from the known speed of the kymograph and 
the known position of the barrier at the start and end reference marks, 
both the speed of compression and the scale reading at any position of the 
barrier can be computed. Then (from the calibration obtained before 
each run) this scale reading can, in turn, be converted to surface pressure. 

Most of the films were spread from a solution of a mixture of 67% 
isopropanol and 33% water, since this mixture dissolved all the surface 
active agents used in these investigations. Experiments with Aerosol 
OT spread from water, isopropanol, and from benzene, showed, within 
experimental error, no effect from the solvent used. The volume of 
solution spread (ca. 0.1 cc.) was measured from a syringe pipette with a 
micrometer head to an accuracy of about 1%. The temperature was 
20 + 1°C. 

Since all the films studied are appreciably soluble in water, a spurious 
curve, due to the rate of dissolution being comparable to the rate of com- 
pression, must be guarded against. The relation of dissolution to com- 
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Fic. 1. Diagram of barrier drive and kymograph circuit. Si, S2, Time marking 
switches to give barrier speed and position. 3, Hand key. S., Switch to stop motor 
at end of sweep. S;, Shorting switch to allow reversal of motor. Ss, Main switch. 
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pression was checked by comparing curves obtained at various barrier 
speeds. The limiting factor in the allowable compression speed is the 
inertia of the balance arm, in the present case the inertia was such as to 
limit the speed to about 0.7 cm./sec. 


RESULTS AND DiscussION 


Force-area curves for E-607 derivatives spread on 16.6% NaCl are 
given in Fig. 2. The dodecyl derivative is too water-soluble to obtain a 
significant compression curve with the present apparatus. The E-607 
compounds gave films of the expanded type. Adam (2) has reported 
that Co: straight chain pyridinium salts-give the same type of film. Fig. 
3 gives data for some sulfonates and sulfates on the same substrate 
(dodecyl sulfonate was used here rather than the sulfate because of the 
high solubility of the latter). It can be seen that Aerosol OT, dodecyl 
sulfonate and tetradecyl sulfate give curves of the same form as the E-607 
derivatives, except that the first is a less compressible film. The higher 
sulfates, however, give a break in the compression curve reminiscent of the 
phase change in films of myristic acid. It does not, however, appear to 
be as simple as this, as will be brought out later. 

Figs. 4 and 5 give compression curves on successively weaker salt 
solutions. The dotted curves are for substances obviously dissolving 
sufficiently rapidly in the particular salt solution to affect the compression 
curve at higher pressures. Only the octadecyl sulfate was sufficiently 
insoluble to give a reproducible compression curve on pure water. From 
these data it can be seen that reducing the salt concentration moves the 
curves to the right (a larger area per molecule at a given surface pressure), 
and that in the Cig and Cis derivatives, the break in the curve moves to 
slightly higher pressures. As the salt concentration is decreased to the 
point where the film becomes appreciably soluble at higher pressures, the 
movement of the curve to the right ceases at low pressures. Under such 
circumstances, the curve actually moves to the left at high pressures, but 
this is obviously due simply to dissolution of the film. 

For two reasons the interpretation of the break in the Cis and Cig 
curves as a phase change seems to be an over-simplification. The first 
is that, except at lower salt concentrations, the molecular areas involved 
are much too small (the limiting area of the hydrocarbon group is 18.5 
A?; the presence of the polar group should increase this appreciably). 
Although if, as Stenhagen did for the C22 sulfate (1), one corrects all 
limiting areas to 18.4 A? and presumes that the smaller areas are due to 
dissolution before compression, the curves at all salt concentrations will 
nearly coincide. However, one is then forced into the untenable position 
that dissolution is the more rapid the higher the salt concentration. The 
second difficulty lies in the effect of aging of the surface. All the surfaces 
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Fic. 2. Force-area curves for E-607 derivatives. O Cis, + Cis, @ Cus. 


in Figs. 4-7 were aged 1-10 minutes; within these limits the aging time 
has no observable effect. Experiments on Ci. and C,s sulfates, in which 
the surface was allowed to age for 2 hours, however, showed a change in 
character of the compression curve, in that the film is more expanded 
and the apparent phase change has completely disappeared (Fig. 6). It 


50 


F DYNES/CM, 
Ss} 


[pe] 
oO 


10 


0 


® 7 MOLECULE 
Fic. 3. Force-area curves for sulfates and sulfonates. Substrate 16.6% NaCl. 


A Cis sodium sulfate, X Cis sodium sulfate, O Cy, sodium sulfate, + Ci. sodium sul- 
fonate, @ Aerosol OT (mult. area scale by two). 


SURFACE FILMS OF SOLUBLE DETERGENTS 421 


F. DYNES/CM. 


) 10 20 30 40 50 
B® / MOLECULE 


Fig. 4. Force-area curves for sulfates and sulfonates. Substrate 9.1% NaCl. > Aero- 
sol OT (dissolving), @ Cys sulfate, + Cis sulfate, O Cis sulfate. 


therefore appears that the observed flat in the force-area curve is caused 
only by imperfect orientation, and probably results from a sliding of one 
layer of molecules over another. Such a phenomenon would have to be 
considered in problems connected with foam formations where relatively 
fresh surfaces are subjected to rapid expansion and compression. 
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Fic. 5. Force-area curves for sulfates. @ Cu on 4.8% NaCl (dissolving), @ Cis on 4.8% 
NaCl, + Cis on 4.8% NaCl, O Cis on 2.4% NaCl, X Cis on 0.5% NaCl. 
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The substitution of CaCl, for NaCl in the substrate is also of interest 
in this connection. Such a substitution has only a minor influence on 
the compression curves for Aerosol OT and the lower alkyl sulfates, but 
it can be seen from Fig. 7 that the higher calcium alkyl sulfates show no 
apparent phase changes; indeed, the curves are quite similar to those 
obtained for the aged sodium films. This is in accord with the view that 
the break in the compression curves for fresh films over NaCl is an over- 
sliding of layers rather than a phase change to close packed heads and 
tails. Films on a BaCl, substrate were found to be too fragile to give a 
significant compression curve. 

If the curves for each of the alkyl sulfates are examined at the lowest 
NaCl concentration at which a compression curve can be obtained without 
appreciable dissolution, it is found that the Cis, Cis, and the lower branch 
of the Cie curves nearly all coincide. The composite curve can be ex- 
pressed with fair accuracy over the surface pressure range 10-40 dynes/ 
em. by the equation: 


a aw = 16, 


where zw denotes the surface pressure in dynes/cm., and A is the area in 
A?/molecule. If this curve is compared with the adsorption calculated 
by the Gibbs adsoprtion equation from the surface tension data on solu- 
tions of foam-fractionated detergents (4), it is found that the adsorption 
at a given surface pressure, as calculated from the present force-area 
curves, is almost precisely twice that calculated from surface tension 
data on solutions. A similar comparison of a derived surface tension 
curve for hypothetical ‘‘neutral” potassium laurate (4) with force-area 
curves obtained with carboxylic acids on NaOH (5), again leads to an 
approximate factor of 2. If the surface tension data are to be believed, 
it must then be concluded that the condition of the film on a salt sub- 
strate differs appreciably from a film of the same material in equilibrium 
with bulk solution. On the other hand, at a surface pressure of 33 dynes, 
the microtome (6) gave an area of 29-32 A?/molecule as compared to 29 
A? predicted from Eq. (1). At lower concentrations and surface pres- 
sures, the microtome and interferometer methods gave considerably larger 
areas than predicted from Kq. (1). The only other attempt, insofar as 
the writer is aware, to so compare results from force-area curves in a film 
balance with surface tension results with solutions, is that of Schofield 
and Rideal (7), using lauric acid. These authors found good agreement. 
However, there is one important difference between their comparison 
and the present one—the surface tension measurements did not deal with 


a dissociated solute, since HCl was added to suppress ionization of the 
lauric acid. 
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SUMMARY 


The force-area diagrams for films of a number of water-soluble deter- 
gents were determined by using salts in the substrate to reduce solubility, 
and by employing rapid compression. Curves were obtained with films 
of some pyridinium salts, Aerosol OT, sodium lauryl sulfonate, and the 
Cys to Cig derivatives of sodium alkyl sulfates. The latter were used 
with varying amounts of salt in the substrate. All films, with the excep- 
tion of the Cis and Cis sulfates, were of the expanded type. The ex- 
ceptions showed an apparent phase change, but the break in the curve, 
since it disappeared on allowing the film to age for an hour, was shown to 
arise from a non-equilibrium arrangement of the film. 

Substitution of CaCl, for NaCl in the substrate was without appreci- 
able effect, except that the break in the curve for the higher homologues 
was eliminated without the necessity for aging. 

A comparison of the results of this investigation on undissolved films 
with results below the critical concentration on solutions of detergents 
and soaps indicates that the films are not the same under the two condi- 
tions. Surface tension and microtome measurements show that, at a 
given “surface pressure,” films on solutions occupy about twice the area of 
films on a salt substrate. Above the critical concentration, present 
measurements agree well with microtome results on solutions, but again 
not. with surface tension results. 
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INTRODUCTION 


The theory of the kinetics of colloid coagulation as a diffusion- 
controlled process was originally developed by Smoluchowski (1) using 
Fick’s law of diffusion. As ordinarily applied, the theory is based on the 
assumptions that around one of the reactant particles a concentration 
gradient for the other species is set up, and that the rate of flow of par- 
ticles in this concentration gradient is governed by Fick’s law of diffusion. 
The fundamental differential equation 

oc ; 
is solved with the boundary condition c = 0 on the surface of a sphere of 
radius R, this sphere representing the distance of closest approach of two 
particles. The simultaneous diffusion of both species of particles is taken 
care of by taking D to be the sum of the diffusion coefficients of the two 


species. 


The solution to Eq. (1) with this boundary condition is 
R —R 
o(r,) = co [1 — 2 enfe — |, (2) 
where 
erfex = Bas i; edz (3) 
Va Je 


and c, is the initial concentration of the diffusing species, supposed uni- 
form at t = 0. The flux across the boundary sphere at r = F is 


& = 4rR?D (=) (4) 
= 4xDRes (1 + “= ) (5) 


* Present address: Polytechnic Institute of Brooklyn. 
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In the colloid coagulation process, the time-dependent term is small and 
may be neglected. 

The Smoluchowski theory was extended to ordinary bimolecular 
chemical reactions by Sveshnikoff (2) in connection with the quenching 
of fluorescence in liquid solution. Here there is competition between a first 
and a second order reaction. After photo-excitation of a fluorescent mole- 
cule, fluorescence may ensue or the molecule may be deactivated by colli- 
sion with a quencher. The normal half-life of the excited state 1s of the 
order of 10-8 sec. and the quenching process is presumably diffusion- 
controlled. A further modification of the original Smoluchowski theory 
by Sveshnikoff (2) was to assume that if only a fraction a of the collisions 
is effective, the only modification needed is to multiply the flux given 
by Eq. (5) by the factor a. 

The Smoluchowski theory was further developed by Umberger and 
LaMer (3) to include diffusion in a potential field as in the case of ions, 
following Debye (4). Use was made of the transient term in Kq. (5) 
because of the extremely short half life of the excited species. Following 
a suggestion from one of us (G. E. K.), Williamson and LaMer (5) 
abandoned the use of the transient term in the Smoluchowski equation, 
pointing out that there is but little difference between the Smoluchowski 
limiting flux and the encounter frequency using a quasi crystalline liquid 
model. 

On closer examination of this theory, a number of disturbing points 
may be raised. First, what is the nature of the postulated concentration 
gradient? Suppose that our two species of particle are A and B, and that 
we consider the neighborhood of a certain A particle. Initially, this is 
surrounded by a uniform concentration of B. A gradient in this concen- 
tration can only be set up by the reaction of B particles with the A par- 
ticle. But this reaction can only take place once. After such a reaction 
there is no longer an A particle at the center, and the concentration 
gradient so formed seems to have lost its interest. 

Second, the flux given by Eq. (5) becomes infinite at ¢ = 0. In most 
cases the flux falls to a reasonable value in an extremely small time, and 
the total amount of reaction predicted is finite, but nevertheless the 
singular rate at t = 0 is a blemish on the theory, and, in the case of the 
quenching of fluorescence, where the important time interval is the first 
10-° sec. after excitation, the initial rate may be very significant. 

Third, when not every collision between particles is effective, the 
Sveshnikoff procedure of multiplying the flux by a is not self-consistent. 
From Eq. (2) we find that decrease of the total amount of the diffusing 
species from the amount present at ¢ = 0 is 


i =e 
M = AnrR er nn dr. 
css ris | ©) 
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The time derivative of this is 


a Ee Re. ( eee 


=a) 7) 
This is exactly equivalent to Eq. (5). But if the flux is modified by a 
factor a, not equal to unity, the flux is no longer equal to the rate of 
decrease of the total amount of the diffusing species. It follows that 
Eq. (2) cannot correctly describe the concentration when a = 1. 

We attempt in this paper to remove these difficulties. 


THE NATURE OF THE CONCENTRATION GRADIENT 


Let us first consider a system containing only a single A particle and 
a single B particle in a volume V, which may or may not be filled with 
solvent. By a well-known theorem (1) we may consider the A particle 
stationary and let the B do all the moving. In such a system the concen- 
tration of B is 1/V, in the sense that probability of finding the B particle 
in the volume element dv is (1/V )dv. 

To study the behavior of this system, let us consider a large number 
N of replicas, with the initial position of the B molecule distributed at 
random in the various replicas. 

To any of these replica systems, Fick’s law should apply, provided 
that c is interpreted as the probability density of the position of the B 
particle. But in the course of its motion, the B particle may approach the 
A particle to the distance R, the reaction distance. At such a point, the 
reaction may or may not take place. If it does not, the B particle will 
diffuse away. If it does, both the A and B particles are destroyed. How- 
ever, instead of removing such systems from our assembly, it makes no 
difference if we assume instead that the A and B molecules are marked 
as “reacted,” and allow the diffusion to continue. By this device we can 
keep the total number of replica systems constant. 

Now suppose that we divide our volume V into a large number of 
equal volume elements Av;. The state of any replica system can be speci- 
fied by stating the volume element containing the B particle, and whether 
or not reaction has taken place. The state of the whole assembly can be 
specified by giving a set of numbers N;, and M;, where N; is the number 
of systems in which the B particle is in Av, and has not reacted, and M, 
is the number of systems in which the B particle is in Av; and has reacted. 
By letting Av, approach zero, we.are led to two functions n(z, y, z) and 
m(a, y, 2) such that n(x, y, z)dxdydz is the number of unreacted systems 
in which the B particle lies in the volume element dxdydz located at 
xz, y, 2, and m(z, y, 2) is the number of reacted systems in which the B 
particle is in dxdydz. 

Except at the reaction surface, we may assume for the present that 
the values of n and m change according to the diffusion equations 
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on i 

2 8 
= DV’n, (8) 
) c= 2 9 
on = DV*m. (9) 


Further, since no systems leave the assembly, the sum n + m must remain 
constant both in time and space. It follows, therefore, that whatever law 
we assume to govern the conversion of unreacted to reacted particles at 
the reaction surface, the gradients at this surface must satisfy 


ean: a0 


A suitable boundary condition at r = R, together with a zero normal 
derivative of both n and m on the surface of the volume V, therefore, 
should enable both the functions n and m to be found as functions of time. 

At any time, the function n will be smaller near the A particle than 
elsewhere, while the function m will be larger near the A particle than 
elsewhere. The integral of n over the entire volume must steadily decrease, 
while that of m must increase with time. 

Now the fundamental question is: If we know that at time ¢ the A 
particle has not reacted, what is the probability of finding the B particle 
in the volume element dzdydz? Note that this asks for an a posteriori 
probability, which must be distinguished carefully from the probability of 
finding the B particle in the volume element dxdydz if we do not know 
whether or not the A particle has reacted. The fallacy of the argument 
that no concentration can be set up until the A molecule has reacted lies — 
in the fact that the knowledge that an A molecule has existed for a length 
of time without reacting does affect the a posteriori probability. 

By Bayes’ theorem, the a posteriori probability of finding the B par- 
ticle in the volume element dadydz, if we know that the A particle has 
not reacted is 


n(x, y, 2)dadydz 


Lf [ne varaziyas (11) 


This is correct whether the reaction with A destroys the B molecule (as in 
the case of an ordinary chemical reaction) or does not (as in the case of 
the quenching of fluorescence). On the other hand, if we do not know 
whether or not A has reacted, the probability of finding the B particle 
in dxdydz is 


1 
N n(x, y, z)dxdydz (12) 
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if the reaction destroys the B particle, and 
1 
y Lule, y, 2) + m(e, u, 2) Madyde (13) 


if the reaction does not destroy the B particle. This: last expression re- 


dxdydz 


duces to ya constant, but is not ordinarily the probability we wish. 


If we turn our attention to the A particle, the probability that it has 
not reacted at a given time is 


metals n(x, y, z)dadydz. (14) 


We must distinguish between two reaction rates. The a priori probability 
at ¢ = 0 that the A particle will react between ¢ and ¢t + dt is the simple 
derivative of Eq. (14) 


a OU Mipae y, z)dxdydz | dt. (15) 


But if, at time t, we know that A has not yet reacted, the a posterior: 
probability that A will react in dé is 


fff 2 n(x, y, 2)dxdydz 
a us dt. (16) 


SSS n(x, y, 2)dadydz 


Replacing a by DV°n (Eq. 8), and application of the divergence 


theorem, the probabilities (15) and (16) can be expressed as surface 
integrals. Eq. (15) becomes 


wes J, 
5 it (Vn) -ndS (17) 
N Surface 


Mi) it _ (on)-nds 
Pied fil ndxdydz ee 


where, in these equations, n is the outward normal. But on the outer 
surface of V, Vn = 0, so that these reduce to 


_ 4a? Dadi 
“nN ee (3 or mn c) 


and (16) becomes 
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and 
4a R2Ddt eke bat (SF ) oH " 


soph if Lf fraaae ndxdydz 


Obviously Eq. (19) is exactly the same as the result which would have 
been obtained if we had considered the rate of destruction of B particles 
in a single system consisting of one A particle at the origin surrounded by 
NB particles diffusing and being destroyed at the surface of the A particle. 

We must now generalize these results by considering an A particle 
in a volume V containing M B particles. If we assume the B particles to 
be independent, the a priori probability that the A particle has not reacted 
with any particular B particle is still given by Eq. (14). Putting 


1 
Tales ndxdydz = 1 — 6, (21) 


the probability that the A particle has not reacted with any B molecule is 
Qe aa), 


(20) 


which, if M is large and 6 is small but M6 is of the order of unity, then 
by a well-known theorem (6) 


Qv= es" (22) 
The reaction rate Py is now 
ee a —Ms5 
Py => at (2 
06 
Sa —Ms 
Me vi 
on 
Se —M6 2 af 
Me4rR n (3 = ip (23) 
If M6 is small this is simply M times the result of Eq. (19) 
DM [on 
bar = sere DHL ( 2m) ey 
If we define a concentration c and c, by 
M M 
c= N n, Co = V 


then c obeys Fick’s law, and the rate of reaction becomes 


dc 
by = 4rk?D (3) . (25) 


R 
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This is exactly the result used by Smoluchowski and Sveshnikoff as far 
as its mathematical interpretation is concerned, but its physical signifi- 
cance is different. 

If M6 is not small, Eq. (25) cannot be regarded as correct but should 
be replaced by Eq. (23). In this case we may still write 


dInQ@_ 5 0c 
a tnk'D ($2) (26) 


BouNDARY CONDITIONS 


In the above treatment, the boundary conditions at r = R have been 
left unformulated. As pointed out in the introduction, the usual boundary 
condition, c = 0 at r = R, cannot be correct if not every B particle which 
reaches the reaction radius reacts. An obvious modification is to assume 
that the probability that a B particle reacts with an A particle is propor- 
tional to the probability that the B particle lies between r = R and 
r = R + AR, where AR is a small distance. This is equivalent to the 
assumption 

@y = k4rRc(h), (27) 
where k is of the nature of a specific reaction rate. Combining this with 
Eq. (25), we find the boundary condition 

0c 
= 28 

o(ht) = ($2) (28) 

with y = 2 
The solution of Eq. (1) with the boundary condition (28) is well 
known (7). The solution is 


C/Co.= 1-581 rfe mek 


V4Dt ani 
Di, r- =| 
(Dt/82)+(r—R)/B Bla 5. CD 
+e ote (“e+ Tae )}y 0 
where @ is related to y by 
1 1 1 
2 ee ee 0 
aa + 5 (30) 
The expression for ®y becomes 
®y = 4rDe, R- oie ellis oS Bae By ePererje Pt : (31) 


There are a number of interesting points concerning this solution. 
At large values of t we may use the asymptotic expression (8) 
1 1 1 3 
Rae gpa fost tana: 4 ) 
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to obtain 
@y = 4rDe.(R — 8B) 1+ ze ( 1 — a ee )|- (32) 


We see that even at large times this never reduces to Eq. (5), but differs 
from it by the replacement of Rk by R — 8. 
At small times, we find 


by = 4nDe,(R — 8) [1+ 258 (1 ee I, (33) 


This remains finite even at ¢ = 0, the limiting value at ¢ = 0 being in 
fact 4rR7ke.. 

There are two other important limiting cases, those for large and small 
values of the specific rate k. For small k, y is large and £ is nearly equal 
to R. In fact, we may put 

R? 


B=R- Dk. (34) 


Correct to terms of order k? we then have 


Rk : VDi 
®y = 4rkRc,k 1+ D ePtlk enfo | (35) 
As k approaches 0, we have a smooth transition to ordinary reaction 
kinetics. 

For large k, on the other hand, y and 8 both become small, and are 
given by 

D 
B sae (2 Fe k ) 

under these conditions, Eq. (32) again applies. Rearranging as a power 
series in B gives 


y = dnDevR (1 + Ee) — iyo (36) 


This goes smoothly into the Smoluchowski form as 8 approaches zero. 


Dirrusion as a “Jump” Process 


With the modification of the boundary condition given by Eq. (28), 
and the reinterpretation in terms of a posteriori probability, the objections 
stated at the beginning of this paper have been removed. However, it has 
long been realized that Fick’s law is not an exact description of the 
diffusion process, but rather the limiting form approached by the equa- 
tions describing the Brownian motion of the particles. This Brownian 
motion may be approximated by the assumption that the particles move 
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by jumps of mean square length (/?) with a jumping frequency v. The 
diffusion constant is then 
D = gv) (37) 


and Fick’s law is obtained by letting (I?) approach 0 and » approach 
infinity in such a way that D remains constant. The earlier work in this 
field is admirably summarized by Chandrasekhar (9). 

In particular, it has been shown that, if the jumping particles are 
destroyed on reaching a surface, the distribution of the particles ap- 
proaches the solution of the diffusion equation with its boundary condi- 
tion c = 0 on the surface in question. We must now consider the question: 
If diffusion is represented by the “jump” picture, but’ with only a prob- 
ability p of being destroyed if they strike a boundary surface, is the 
boundary condition of Eq. (28) its proper limiting boundary condition? 

To this end we shall consider only the case of a plane boundary, and 
a distribution of particles uniform in the directions parallel to this plane, 
so that the problem can be considered as one-dimensional. Taking z as 
the coordinate perpendicular to the boundary plane, we shall suppose 
that the jump lengths are governed by a distribution function ¢(s), such 
that the probability that a given component of any jump lies between s 
and s + ds is ¢(s)ds. The function ¢(s) must satisfy the equations: 


f “sonnei (38) 


CO 


f. sy(s)ds = 
1 s?¢(s)ds 


If the concentration of particles is given by c(x, t), and the jumps take 
place at random times, then c(z, ¢) must satisfy the equation 


(39) 


| 
S 


3(V). (40) 


belt, 2 = — vc(z,t) + f c(x — 8s, t)¢(s)ds (41) 
at least in regions far from the boundary. 

If the boundary is taken to be at z = 0 (with the particles on the posi- 
tive side) the rate at which particles strike the boundary is 


ce f toi) f Secbreubed! (42) 


In order to be able to go to the limit of infinitesimal jumps at infinite 
frequency, let us introduce a parameter ) in the following way. We keep 
the function ¢(s) unchanged, but reinterpret it by the assumption that 
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y(s)ds is the probability of a jump component lying between As and 
\(s + ds). We also reinterpret v, by taking the jump frequency to be 
y/X. This makes the mean square jump length (/?), but keeps D the 
same. Eq. (41) now must be modified to 


oe Dei a (a, 2) < iy c(x — ds, t) e(s)ds (43) 
‘and Kq. (42) to 
0 Xs 
by = > if 66) it NOM Te, (44) 
—0o 0 


The actual situation is given by \ = 1, and by going to the limit \ = 
we should approach Fick’s law. 

By taking \ small enough, we can make Eq. (43) apply at any z > 0. 
If we expand c(x — As, t) in a power series in A 


"a te ae dc 122 ( de Cette 

c(x — As, t) = c(a, t) — As (3) + 42s ($3), (45) 
and substitute in Eq. (43), we obtain 

dc(zx, t) = 

PACT cas < c(z, t) + x3 ~ e(x, t) o(s)ds 


—2 


vy [ Oc es 
= (2) so(s)ds 


33, ie) 
— ta (Ss), f seloas + 
Cri] ett ea oth yore 
baprereet atid Waly |b pA 


ey ae ) (— Meyr- gmt2ce ‘ 
Fike (= Ne + a _ (m + 2)! ob 2)! VBm-+2 (5) \”, (46) 


where we have put 
vies ih amols\ds. (47) 


As \ — 0 the series term approaches 0, and Eq. (46) approaches Eq. (1). 
In Kq. (44), expanding c(z, t) about x = 0 


As 
F ri. 0c 
f c(x, t)dx = dsc(0, t) + 32s? (3). a3 (48) 
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y 0 1. { 0€ ° 
®, = x c(0, t) g(s)ds + 4y (= Ibo a sp(s)ds 


_—2 


‘ 0’¢c ° 
a) et eevee, BCS) 
Now 
0 
f o(s)ds = } (50) 
and we can define 
0 
hee if s"o(s)ds. (51) 
Hence 
BORE a,,7 ( 9 Lar , ( #e tis 
B, = 00,0) + dou! (SC) + terme! (FE) to. (62) 


As } > 0, ®, therefore becomes infinite. We are, however, interested in 
the reaction rate p®,, and we must give attention to the behavior of p 
as \ is varied. The increase in the jumping frequency as \ — 0 is one of 
our own making. If we assume =p to be independent of \, then a particle 
situated near the reaction surface will have a rate of reaction which 
increases without limit if \ is made to approach 0. In order to obtain a 
reaction rate which approaches neither 0 nor « as \ > 0, we may take 
p proportional to X. We therefore assume 


{0} = Dod. (53) 
Then 
_ YPo Poy 7 ( 9C fons 5 
pe, = "P* (0, ) + Bt yMn ( x). i (54) 
and now in the limit \ — 0 
pb, > se (0, t). (55) 


Now for any positive x, however small, the fact that, in the limit A -> 0, 
Eq. (1) applies, implies in turn that the leftward flux across the surface 


at x2 is 
oe D (5) (56) 
et 
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But, since the particles are conserved, this requires pP, = ®,’ and 


v 


D . 2c) 58 
Bro(0,) = D( 52) (58) 
This is essentially equivalent to the assumption of Eq. (28), and we 
have established the fact that the limiting form of the equations for 
“jump” diffusion lead to the modified boundary condition. 


InitT1AL REACTION RATE 


The above formulated boundary condition has been shown to be valid 
at large values of the time but involves a “reaction rate” constant k which 
has not been definitely evaluated. In this section a power series solution 
will be developed for use at small times which enables evaluation of the 
constant k. The method, while perfectly general, will be discussed in the 
one-dimensional case for the sake of brevity. The concentration as a power 
series in ¢ is 


C= > Cet. (59) 


k=0 


which, substituted in Eq. (41) and equating the coefficients of correspond- 
ing powers of ¢, leads to the following recursion formula: 


(ere era oie= 2 are ee f cee ns (60) 


—o 


Using the given initial condition and any specific function ¢(s), the coeffi- 
cients in Eq. (59) may be calculated using Eq. (60). 


Assuming that every particle entering the origin reacts, we have the 


rate equation 


0 eo 
Gy 3 cdx 
= py: (k + ne f Cr 1dX. (61) 
k= 0 


The initial rate involves only the first term of the series and is readily 
found to be 


&(0) = aa7 (62) 


where 1’ is defined as in Eq. (51). The constant k may then be evaluated 
using the one-dimensional analog of Eq. (27) and is 


k= 5m’. (63) 
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For the case of incomplete reaction, the rate constant k may be adjusted 
by multiplication by a suitable probability factor. 


CONCLUSION 


The fundamental concepts of the Smoluchowski theory have been 
shown to be valid and to enter into all bimolecular reaction processes. A 
modified solution to the diffusion equation has been obtained which 
avoids the singularity of the original Smoluchowski solution at the start- 
ing point of time. The modified solution is extended to the case where only 
a fraction of the encounters of the reactants brings about reaction and leads 
to limiting forms corresponding to diffusion control and activation energy 
control. 

A detailed investigation of the applications of the above conclusion 
to a number of reactions which are wholly or partially diffusion-controlled 
is being started. These include quenching of fluorescence and free radical 
polymerizations. 
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LETTER TO THE EpIToR 


MOLECULAR WEIGHT OF 6-LACTOGLOBULIN AS DETERMINED 
BY LIGHT-SCATTERING MEASUREMENTS 


The light-scattering method of Debye (1) has. been used to determine 
the molecular weight of 6-lactoglobulin. An absolute turbidimeter (2) 
was used. The lactoglobulin was prepared from milk by the method of 
Sorensen and Sorensen (3). It was recrystallized immediately before use. 
Isoelectric solutions in 0.1 M phosphate buffer of pH 5.2 were filtered by 
pressure through an ultrafine sintered-glass filter. Turbidities were deter- 
mined for a series of protein concentrations, at wavelengths 436 and 546 
muy. The turbidity of the buffer was subtracted from that of each solution. 
Protein concentrations were determined by drying aliquots to constant 
weight and subtracting the corresponding weight of buffer solids. The 
function Hc/r was plotted against c (Fig. 1). H = 322*n,.2 [(n—n,)/c }?/ 


Fic. 1. Light scattering of lactoglobulin solutions as a function of concentration. 
Each point is an average of one determination at 436 my and one at 546 mu. 


3NM; c = protein concentration, g./ml.; 7 = turbidity, cm.7; n= 
refractive index of buffer; n = refractive index of protein solution; \ = 
wavelength of light, em.; N = Avogadro’s number. The specific refractive 
increment, (n—n.)/c, was determined with a differential refractometer 
(4). The values obtained at 25°C. were 0.189 at 436 my and 0.183 at 546 
muy. These were obtained in 0.1 M NaCl at pH 5.2, but there is no reason 
to expect that the values in 0.1 M phosphate buffer of the same pH would 
be significantly different. The values agree well with those of 0.1892 and 
0.1818, respectively, found by Pedersen (5) in 0.5 M NaCl. Values of 0.193 
and 0.186 were calculated from data of Perlmann and Longsworth (6). 
The cause of the difference between these and the values used in this 


439 


440 LETTER TO THE EDITOR 


paper is not clear at present, but probably lies either in the method of 
determining protein concentration or in the purity of the sample. 

Values of Hc/r at the two wavelengths differed by about 8%, the 
546 my values being higher. Average values are plotted in Fig. 1. Extra- 
polation to zero concentration of the best straight line through these 
points, determined by ithe method of least squares, gives the reciprocal of 
the molecular weight, which, thus determined, was 33,700. This figure 
has been corrected for the depolarization of the scattered light, which was 
found to be p, = 0.015. 

Bull and Currie (7) have summarized previous determinations of 
molecular weight of 6-lactoglobulin. The values obtained most frequently 
were roughly 42,000 and 35,000. The present value lends weight to the 
35,000 group. Recently Senti and Warner (8) have redetermined the 
molecular weight by the X-ray diffraction method, obtaining 35,400 on 
wet crystals and 35,600 on air-dried crystals. 
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BOOK REVIEWS 


Submicroscopic Morphology of Protoplasm and Its Derivatives. By A. Frny—Wyss.- 
ING, trans. by J.J. Hermans and M. Houtanper. Elsevier Pub. Co., New York, Am- 
sterdam, London, Brussels, 1948. 255 pp., 160 figs. Price $6.00. 


A monograph written by a recognized world authority, reviewed by one who regards 
himself as something of an authority on the same subject, is certain to result in a well 
catalyzed article. This is good, in a way, but there is the likelihood of a somewhat pre- 
judiced report. However, it is better to run that risk than attempt to digest an article 
without a ferment. After all, the reader has the advantage of both the author’s and the 
critic’s views, and may, therefore, judge for himself. Herein lies the only justification of 
criticism; no review is wholly and intelligently impartial. The present situation is all the 
more difficult because Frey-Wyssling has given us an excellent book. I find myself in 
agreement with him on nearly all major conclusions. How, then, to criticize it with force? 

The book itself presents a most favorable impression. It is an excellent example of the 
printer’s art, good in format, and abundantly illustrated. The contents are not wholly 
new but rather a glorification of the first edition. The text does, however, contain new 
material; it is rounded out better than the first presentation. 

Frey-Wyssling lays emphasis, in his title, on the submicroscopic morphology of proto- 
plasm. It is true that protoplasmologists, if I may coin a word, have ceased to regard the 
visible structure of protoplasm as significant. They have turned to the structure which 
lies beyond that which one can see. Physicists and chemists have long since done this, 
and dealt almost wholly with the submicroscopic world. Biologists were slow in follow- 
ing, failing to realize that the visible structure need have nothing whatever to do with the 
basic structure of living matter. This failure was particularly noticeable in the false 
emphasis laid on the visible protoplasmic emulsion. An emulsion has no more to do with 
the fundamental structure of living matter than the emulsion of butterfat in milk has to 
do with the clotting of milk. Frey-Wyssling knows this well from his own research. But 
he now leans too far, albeit in the right direction, by giving over-enthusiastic support to 
the electron microscope. I do not share his enthusiasm in this respect. The electron 
microscope is without question a remarkable invention, but as yet it has given us mostly 
silhouettes; we want to see, not contours, but inner structure. I thoroughly believe in the 
future of the electron microscope, for I have myself taken up each new optical method 
with avidity, the polarizing microscope, dark-field condenser, Spierer lens, ultraviolet 
illumination, X-rays, phase microscope, ever hoping to see further into the structure of 
living matter. The electron microscope is at its best in revealing the submicroscopic 
fibers of cellulosic material; it is probably these pictures which arouse Frey-Wyssling’s 
admiration, as they do mine. 

I also find myself in philosophical disagreement with Frey-Wyssling when he tells us 
that submicroscopic morphology was formerly “an exciting and inspiring field of trial 
and error’; but now, he says, our science has lost one of its most attractive features; we 
no longer have the satisfaction of arriving at results by indirect methods. ‘“This romance 
of discovery has given place to the technical problem of obtaining objects thin enough to 
get the best possible image in the electron microscope.” To this, I reply that I find re- 
search just as full of trial and error as it ever was, and nowhere is this more evident than 
in the use of the electron microscope; Frey-Wyssling’s Fig. 102 is proof of this. As for the 
romance, Frey-Wyssling disproves his own statement, for his book is fascinating reading 
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from beginning to end, exceedingly stimulating, with ample controversy; not a page is 
dull. 

The order of presentation of subjects in Frey-Wyssling’s monograph is as follows: 
(1) a little of colloid chemistry, (2) the principles of crystal, polymer, and gel structure, 
(3) the fine structure of cytoplasm, nucleus, chloroplasts, and erythrocytes, and (4) the 
fine structure of protoplasmic derivatives (cellulose, chitin, silk, keratin, collagen, and 
myosin). The discussion of these subjects covers 230 pages. 

The above titles indicate how highly specialized certain branches of science have be- 
come. There are not many men of science whose interests cover such varied subjects. 
The chemist who can understand, “The monomer of pectic acid is a-galacturonic acid,” 
is not likely to have the slightest idea what mitochondria, chondriosomes, chondriomes, 
chromidia, and biosomes are; indeed, how many biologists can define them all with 
accuracy? I do not view this diversity with alarm, but, on the contrary, delight in the 
knowledge that biology is becoming an exact science through chemical interpretations 
of what were once mystical concepts; hypothetical biosomes, pangens, genes et al., will 
soon become micellae, molecular aggregates, and polymers. 

The selection of subjects to be discussed, the authors to be quoted, and the arrangement 
of material is every author’s prerogative. Sometimes the selection is purely emotional, 
based on what and whom we like. Omitting those whom we do not like is a thoroughly 
understandable human trait. In Frey-Wyssling’s case the war undoubtedly had a great 
deal to do with his selection of authors and material. Among the omission of authors, I 
shall mention only Szent-Gyérgyi whose work in biophysics, biochemistry, and experi- 
mental medicine is of such great value to students of living matter. 

Among the omissions of subject matter, I should like to have seen some mention of 
those problems which are so much to the fore today, such as narcosis, anesthesia, and 
toxicity, which are not referred to in Frey-Wyssling’s monograph. More attention could 
have been given to protoplasmic streaming and forms of cellular movement. Frey-Wyssl- 
ing devotes much attention to molecular fibers, having long been a firm believer in their 
value to the biologist in the interpretation of the mechanism of protoplasmic properties, 
of reversible gelation, elasticity, contractility, and tensile strength. He could now apply 
them to protoplasmic locomotion. This property of protoplasm is soon to receive a 
thorough treatment from a younger member of my laboratory; the theory is based on the | 
fibrous molecule. 

Frey-Wyssling gives support to the view, long held by some protoplasmologists, that, 
when nature wants strength or a structural mechanism with which to do work, she 
chooses the linear molecule. The spherical proteins are now usually relegated to the im- 
portant, but passive, role of food supply. Living protoplasm is a dynamic system, a 
functioning mechanism. It must, therefore, hold together, and it cannot do this without 
continuity in structure; fibrous, not globular, units make this possible. 

The foregoing problem played a role in the early chemistry of jellies, the structure of 
which was said by Wo. Ostwald to be that of an emulsion. Just how an emulsion can be 
elastic, establish an imhibition pressure, and exhibit contractility is beyond comprehen- 
sion. So thought Donnan, Hatschek, Freundlich, Staudinger, and Kraemer. Frey-Wyssling 
is well aware of this; throughout the book the word ‘‘emulsoid” does not once appear. 
It is this feature of Frey-Wyssling’s monograph which will give the greatest satisfaction 
to chemists. He lays emphasis on the universality of the fibrous structure of matter, 
from the coarse fascicular skeleton of vegetable sponges to the microscopic fibrils of 
wood, the network of collagen fibers in skin and fibrin, the polypeptide framework of 
protoplasm, and the structure of elastic jellies. 

In the discussion of this subject Frey-Wyssling calls me mildly to account for postu- 
lating the classical brush-heap. But this is now history; besides, I got it from Carothers, 
who got it from Freundlich, Staudinger, Mark and Meyer. Furthermore,, a brush-heap is 
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wonderfully clastic, and so is protoplasm. Since these early brush-heap days, we have 
all, including Frey-Wyssling, organized, oriented, and aligned our unordered pile of 
fibers into crystallites, fibrillae, and grids. But at that, I am not so sure we can discard 
the brush-heap; it still has its uses. It explains, what Frey-Wyssling understands so well, 
the extraordinary swelling of protoplasm. Some non-living gels hold as much as 99.8% 
water in 0.2% of solid matter. Of cells, which swell to 10 or more times their original 
volume, Frey-Wyssling rightly asks: “(What system other than a molecular frame could 
be inflated to a 10-fold volume without losing its inner structure?” I should like to select 
the foregoing remark, as indicative, not only of the excellence of Frey-Wyssling’s think- 
ing, but of that for which the modern structural biophysicist stands. 

To this basic concept we need add but one feature to complete the picture. Frey- 
Wyssling did this some years ago with his Haftpunkte, for which the chemists have other 
expressions. What we call these binding points, whether lateral bonds, hydrogen bonds, 
or fluid unions, is of no matter; the important fact is that these lateral ties are not rigid 
but capable of easy adjustments which make it possible to have shifting micelles, fluid 
brush-heaps, flexible lattices, and labile protein grids. The living fabric is ever changing, 
but it must hold together. To accomplish this, fibers are necessary. We cannot weave 
cloth of sand. 

Frey-Wyssling indulges in an interesting speculation; he states that one distinction 
between dead and living matter “lies in the fact that in cytoplasm the junctions are con- 
tinuously reconstructed.” Actually, junctions are repeatedly reformed in any good 
thixotropic gel. However, it is true that the distinction between the living and the non- 
living may, in large measure, rest on molecular organization. But Frey-Wyssling, know- 
ing that there is more to life than this, adds that the reconversion of junctions “proceeds 
according to some definite plan about which we remain completely in the dark.’’ He con- 
cludes with: “Bio-colloids have no structure in the ordinary physical sense, but are 
organized in an exceedingly complicated way.’’ He is absolutely right, but what we want 
to know is, what 7s this organization? As philosophers, we may indulge in such specula- 
tions, but as biochemists we had better keep to the known physical properties of gels, 
living as well as non-living. 

Having laid much emphasis on the role of continuity in structure, and molecular fiber 
in living matter, it is necessary to point out that not all protoplasmic molecules are, or 
need be, linear in form. The chlorophyll molecule is regarded as globular. This is not 
alone Frey-Wyssling’s view, for this molecule has long been so regarded. There is no 
difficulty here, because chlorophyll is not a structural protein; it has none of the mechani- 
cal properties of protoplasm, of muscle, nerve, and tendon; but it is a remarkable catalyst 
and one would expect some complexity. 

The chloroplast and red blood cell may be regarded as sacs holding their respective 
pigments in true solution, or as colloidal sponges soaked in their respective pigments. If 
the chlorophyll molecule is globular, then I see no escape from the fact that the chloro- 
plast is a sac. Frey-Wyssling views the matter somewhat differently. He supports the 
idea, for which he is primarily responsible, that the chloroplast is a layered structure. 
Fluorescent studies indicate that chlorophyll, in nature, is in true solution, and adsorp- 
tion spectra indicate that it is in colloidal dispersion. The two conditions are said to be 
satisfied by the assumption that the heme portion of chlorophyll is adsorbed to a protein 
film which is layered between films of oriented lipoids. 

The low molecular weight of chlorophyll, 1,000 compared to 1,000,000 for many pro- 
teins, suggests a globular rather than a linear form of the molecule, but we should bear 
in mind that both chlorophyll and hemoglobin are not simple molecular dispersions. The 
heme constituents of chlorophyll and hemoglobin function in close association with other 
molecules, probably adsorbed to a protein complex, a concept which Frey-Wyssling ad- 
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vances in conection with hemoglobin, and is familiar to biochemists in enzymes where 
an active prosthetic group rides on a protein carrier. 

In fairness to the view which opposes the fibrous concept of protoplasmic structure, it 
should be stated that some biochemists regard all molecules within cells as globular. 
This does not mean, however, that nature cannot elaborate endlessly long molecular 
chains where such are needed for extracellular mechanical purposes. Fibroin and long 
cellulose fibers are too well known to question their existence. But the qualities of fibroin 
and cellulose are the properties of protoplasm. The elasticity, tensile strength, and flow 
birefringence of protoplasm point very strongly to a linear form of its basic structural 
protein. The most recent, and by far the most satisfactory, theory of protoplasmic 
streaming (by Mr. Ariel Loewy, and now in press) is based on such a concept. 

It is unlikely that one can as yet arrive at any final conclusion in regard to the structure 
of the chloroplast and the erythrocyte. Cytologists speak of grana, platelets, stroma, and 
reticula, while chemists talk of micelles, monomolecular films, grids and lattices. At least, 
all agree on some type of continuity in structure, and this is the chief and essential quality 
of living matter. Protoplasm is not a solution. 

It would seem that we have had trouble enough without now turning to the gene. 
The geneticists’ gene reminds me of Dr. Swann’s definition of the ether, “an imaginary 
substance postulated to carry our misconceptions from one. place to another.” I grant 
that geneticists must have mechanisms to account for hereditary traits and the gene is 
one of them, and perhaps this is sufficient justification for Frey-Wyssling’s speculation 
on the physics and chemistry of the gene. 

The chief value of Frey-Wyssling’s monograph lies in its intrinsic worth to the student 
of protoplasm; but it will serve another purpose. It will show the chemist that the study 
of living matter has become his problem, whether he likes it or not. Unfortunately, he 
does not always like it. It will show the medical man that the complexity of man’s body 
obscures many a correlation which is revealed in a study of protoplasm. That which the 
medical worker chooses to regard as a very special case, and he chooses to regard most 
medical problems as very special cases beyond interpretation by the chemist, often nicely 
falls under a good chemical hypothesis. And, lastly, Frey-Wyssling’s book will convince 
the young student of the significance of structural chemistry, of mechanisms in the 
analysis of living processes. 


Wi..u1aM Serrriz, Philadelphia, Pa. 


Plasticity as a Factor in the Design of Dense Bituminous Road Carpets. By L. W. 
N1sBoER, Senior Research Engineer, Amsterdam Laboratory of the N. V. De Bataafsche 
Petroleum Maatschappij (Royal Dutch Shell Group). 184 pp. Elsevier Pub. Co... Inc. 
Price $5.25. 

Roads and airport landing fields are important factors in our present day economy, 
and bitumen, a colloidal material, is the binding agent used in a large percentage of the 
“paved”’ surfaces laid down throughout the world. Much must be known about the flow 
and adhesive properties of this binder and about the bitumen-aggregate mixture which 
constitutes the load-carrying surface. The author has raised so many questions con- 
cerning the plastic properties of dense bituminous road carpets that persons interested 
in road building will do well to study this book. The word study should be emphasized 
because a cursory reading will result in more mental confusion than understanding. 

The introductory chapter is so limited that much of the available literature is 
omitted or given scant discussion; certain comments are so brief as to give little of the 
original investigators’ concepts, ideas or points of view. The reference to the well-known 
Clifford Richardson as Clive Richardson is an example of the small errors that mar 
portions of the book. 
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A rather complete and detailed discussion is given of the Triaxial Shear Test Method 
for evaluating the properties of bitumen-aggregate mixtures; the apparatus used is 
described and the preparation of samples is outlined. Validity of the theory and repro- 
ducibility and accuracy of this method of test are discussed and illustrated by experi- 
mental data. The author concludes that “the resistance of a bituminous-aggregate 
mixture to plastic flow is described by three clear physical constants: a coefficient of 
friction, a viscosity and an initial resistance.” 

The effect of bitumen, filler and coarse aggregate on the plastic properties of the 
mixture is discussed on the basis of data obtained by the Triaxial Shear method. Vene- 
zuelan, Mexican and Californian asphalts are used as representative sources of bitumen. 
The arresting statement is made (p. 63) that “a harder bitumen has a greater lubricating 
effect than a softer one.” The author advances the concept that the initial resistance of 
the pavement must be ascribed to the presence of a layer of bound bitumen on the 
aggregate surface, and that the properties of the bound bitumen more nearly approach 
those of a solid than a liquid. On p. 78 it is argued that differences between the strengths 
of the layers of bound bitumen are related to differences in asphaltene content. 

Computation of absolute viscosities of the bitumen from penetration values (p. 72) 
is not sound and the use of such calculated values will lead to errors. Apparatus and 
methods have been available for some time for determining directly the absolute vis- 
cosities of paving grade bitumens. 

Prandtl’s theory of bearing capacity is discussed and experimental data obtained 
by die and cone tests are used to check the theory. An expression is developed for the 
design of carpets of a predetermined ‘‘Prandtl bearing capacity.’’ A relationship also is 
formulated between weight, dimensions, speed and number of passes of the road roller, 
and the mechanical properties of the bituminous carpet. A laboratory roller used in 
conjunction with a 30 ton hydraulic press was employed to obtain data to check the 
relationship established. 

The complexities encountered in grading of aggregate, bitumen content, voids and 
filler/bitumen ratio are satisfactorily reviewed and some experimental results are given. 
Chapter VII on “Structural Design of Mixtures for Dense Carpets” gives equations for 
calculating the bearing capacity (stability) of a road mixture under stationary load and 
under moving traffic. Also, the relationships involved in compaction by rolling are con- 
densed and summarized. 

This book should serve as a stimulus for research and a source of discussion and 
debate among serious investigators in the field of bituminous paving technology. 

R. N. TRAXLER, Port Neches, Texas 
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THE CROSS-SECTIONAL AREAS OF MOLECULES 
ADSORBED ON SOLID SURFACES 
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INTRODUCTION 


The quantitative investigation of physical adsorption on solids of 
known areas was made possible by the Brunauer-Emmett-Teller theory of 
multilayer adsorption (1). This theory characterizes adsorption isotherms 
in terms of the amount of gas adsorbed when a monomolecular layer forms 
on the solid. At this point the solid surface of known area is in a condition 
roughly comparable to that of a water surface of known area on which 
there is a monomloecular layer of an insoluble substance such as myristic 
acid. The cross-sectional areas of molecules in insoluble condensed mono- 
layers on water have been investigated in detail and the data for 29 
different homologous series have been summarized by Adam (2). It is 
proposed to develop a similar summary of cross-sectional area data for 
molecules adsorbed on solid surfaces, based on the Brunauer-Emmett- 
Teller theory. 

The Brunauer-Emmett-Teller theory of adsorption (1) leads to the 
equation 


pi leagliP om) (po— prep) (1) 
CPP o 
Um = volume of vapor required to form a monomolecular layer. 
v = volume of vapor adsorbed at pressure p. 
p = pressure of vapor. 
Po = saturation pressure of the vapor. 
c = constant. 


This equation has been widely used to determine specific surfaces of 
solid adsorbents, by combining it with the equation for a monomolecular 


layer 
> = Nuno V, (2) 


> = specific surface of the adsorbent. 
N = Avogadro number. 
447 
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co = cross-sectional area of a single molecule, measured in the plane of 
the solid surface (for convenience the shorter term section area will be 
generally used to designate this quantity). 

V = volume of one mol of vapor. 


SumMARY oF Cross-SECTIONAL AREA DATA 


Nitrogen is most frequently chosen as the adsorbate when the Brunauer- 
Emmett-Teller method is used to determine the specific surface of a solid 
adsorbent. For this reason, it is logical to refer the section area of adsorbed 
molecules to the section area of nitrogen. An extensive compilation of 
section area ratios is given in Table 1. The data are expressed as the 
section area ratio (c,/c,), which is the ratio of the indicated section area 


TABLE I 
Section Area Ratios (from Egs. (1), (2), and (8)) 


Vapor Temperature csc ipay tly fos Solid Ref. 
46; 

Hz — 253 0.54 Ni foil 3 
Dz — 253 0.48 Ni foil 3 
CH, —183 1.04 Ni foil 3 
C2H: —78 1.37 Porous glass 4 
C,H, —183 1.49 TiO.-[> 5 
1.42 KCl and NaCl Ey 

C,H; (1-butene) 0 2.64 2 oxides* 6 
n-CHi19 0 2.83 2 zinc dusts* i 
2.87 Silica gel it 

2.89 6 metals and oxides? 6 

3.04 4 porous glasses* + 

3.21 Porous glass 8 

3.43 Glass beads 9 

CeHe 25 1.68 TiO-IT? 10 
7448 TiO,-I° 10 

n-C7Hig 24 3.00 Graphite ula 
3.60 SiO, 11 

3.76 BaSO, ll 

3.99 TiO.-I> 11 

NH; — 32 0.95 Porous glass 4 
Oz — 183 0.88 Porous glass 8 
1.02 Silica gel 12 

H.0 24 or 25 0.60 TIO.-IT® 10 
0.69 TiO,-Ié ll 

0.69 SiO, ll 

0.71 TiO,-I° 10 

0.77 BaSO, ll 

1.20 Porous glass 4 


en ee Se 
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TABLE I—Continued 
re Ne a | UE Se ee 


Vapor Temperature oo ue Solid Ref. 

°C; 
C;H;OH 24 or 25 1.15 TiO,-IT® 10 
1.28 TiO,-[> 10 
1.30 TiO.-I° 11 
1.33 SiO, 11 
Co — 183 1.06 Silica gel 1 
CO, —78 1.24 Porous glass 4 
1.29 Silica gel 1 
N.O —78 1.14 2 charcoals 13 
1.69 C black 13 
Ne — 253 0:65 Ni foil 3 
CS, 0 2.46 2 Zn dusts 7 
CHFCl, 0 2.48 6 metals and oxides? 6 
C.H;Cl 0 1.61 Graphite 14 
A —195 0.88 Porous glass 8 
0.95 4 porous glasses* 4 
1.01 Fe catalyst 15 
—183 0.96 Porous glass 8 
1.01 Fe catalyst 15 
1.07 Silica gel 1 
Kr —195 1.09 CaCO;-VI® 16 
1.19 CaCoO;-III® 16 
1.20 CaCO;-IV® 16 
1.20 TiO.-[® 16 
1.28 6 metals and oxides* 6 
1.33 Porous glass 16 


@ This ratio represents the average obtained with all the solids studied. 
>’ The Roman numerals designate specific samples of adsorbents that have been widely 
used in adsorption studies. 


with the adsorbed vapor under consideration to the section area of nitro- 
gen. This ratio can be obtained from the equation 


Vn V,’ 


where v, and v, are the volumes of vapor required to form a monomolec- 
ular layer of nitrogen (n) or any other vapor (z) and V, and V, are the 
corresponding molar volumes. The data were obtained by reviewing the 
published adsorption data in which nitrogen and one or more other vapors 
have been used with the same solid and the resluting isotherms have been 
fitted to Eq. (1). 

The area occupied by an adsorbed molecule must depend on the nature 
of the solid surface. It is possible for the ratio (¢,/o,) for any given vapor 
to vary from one solid surface to another for either of two reasons: (1) the 
solid may contain pores of variable diameter; or (2) the packing of the 


Unon aes UzOxz (3) 
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adsorbed molecules may change. For the purposes of this paper, it is 
desirable to minimize these variations. This will be done by placing the 
greatest weight, in determining the ‘‘best value” from Table I, on values 
for non-porous oxides. Porous adsorbents and metals will be used only to 
supply confirmatory data, unless no other data are available. 

The “best value” for the ratio (c,/o,) has been multiplied by what is 
believed to be the “best value” for o, to obtain the cross-sectional area 


values given in Table II. 
TABLE II 


Cross-Sectional Areas of Adsorbed Molecules 


Two-dimen- 3 
Vapor Temperature Area sional van der Volume or Indicated 


Waals’ constant packing factor 
op A2/mol. A2/mol. A2/mol. 

Hz — 253 8.3 11.9 13.0 0.64 
D: —253 7.2 — 11.5 0.63 
CH, — 183 16.0 16.4 15.1 1.06 
C.H2 —78 21.1 18.6 17.2 1.23 
CH. — 183 22.5 21.6 21.3 1.06 
C.He 0 40.6 = (28.2) = 
(1-butene) 
n-C4Hi9 0 44.6 33.0 (29.4) — 
CeHe 25 32.3 33.0 27.9 1.16 
Ne —196 15.4 15.4 14.8 1.04 
NH; — 32 14.6 15.0 11.9 1.23 
Oz —183 14.6 13.5 12.9 1.13 
H.0 24 or 25 10.8 13.1 9.7 1.11 
C;3H;,OH 24 or 25 19.8 31.0 (24.8) = 
CO — 183 16.3 15.6 15.4 1.06 
COz —78 19.5 16.5 (15.6) —= 
N20 —78 20.4 16.9 (15.5) a 
Ne — 253 10.0 9.1 9.1 1.10 
CS, 0 37.9 23.5 (21.6) a 
CHFCl, 0 38.2 27.2 (24.2) — 
C.H;Cl 0 24.8 27.3 (23.8) = 
A —195 14.6 13.6 13.0 1.12 

—183 15.5 13.6 13.2 LAZ 
Kr —195 18.5 15.7 14.0 1.32 


* (W?'*)-values for the more unsymmetrical molecules have been placed in parentheses. 


The two-dimensional van der Waals’ constant was shown by Hill (17) 
to give section areas of the correct order of magnitude for use in adsorption 
calculations. This constant (symbol: b) represents the minimum area to 


which the molecules can be compressed. Hill has proposed that it be 
evaluated by the equation 


b = (6.354 X 10-°) (T./P.)%/3, (4) 
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where 7’, and P, are the critical temperature and pressure. This equation 
was used to obtain the values given in Table II. 

Emmett and Brunauer (18) proposed that the area of adsorbed mole- 
cules was related to the volume factor W?!’, where W = (M/Np), M is 
the molecular weight, N is the Avogadro number, and p is the liquid or 
solid density. They assumed that 


o = 1.091 (M/Np)?". (5) 
The author has shown (11) that the more general equation 
o = F (M/Np)?", (6) 


can be used. F is the “packing factor,’’ which, for the common types of 
two- and three-dimensional packing, can be calculated form a considera- 
tion of the relation of molecular radius (R) to the volume factor (W) and 
the relation of the effective section area (c) to the molecular radius. The 
packing factors for 6 different types of packing are summarized in Table 
III. 
TABLE III 
Packing Factors 


Number of nearest neighbors 


Two-dimensional packing Three-dimensional packing Packing factor 
4 6 1.000 
4 8 1.192 
J 12 1.262 
6 6 0.866 
6 8 1.032 
6 12 1.091 


(These results represent revisions of those given in Table III of Ref. 11.) 


In Table II, values for (W?/*) are based on the liquid density (extra- 
polated, in some cases) of the adsorbate at the temperature of adsorption. 
The “indicated” packing factors were calculated from eq. (6). It will be 
noted that all the values except three (those for H2, Dz, and Kr) are 
within the range indicated by Table III. 


Discussion OF RESULTS 
A. The Section Area of Nitrogen 


The “best value” for o, has been taken to be 15.4 A?/molecule. Emmett 
and Brunauer (18) originally assumed that o, was either 16.2, based on 
the liquid density of nitrogen, or 13.8 A?/mol., based on the solid density 
of nitrogen. The comparison of the specific surfaces of adsorbents cal- 
culated by the Braunauer-Emmett-Teller method with those obtained by 
non-adsorption methods of determining specific surface has indicated 
(19,20) that 16.2 is a better value than 13.8, but there is some evidence to 
suggest that 16.2 is somewhat too high. Arnell and Henneberry (21) 
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report specific surface data obtained by electron microscopy, permeability, 
and nitrogen adsorption for 9 different carbon blacks. The section area of 
16.2 was used for the nitrogen molecule. The surfaces calculated by the 
adsorption method averaged 12% higher than those calculated by other 
methods. 

The data in Table II show that if o, is given the value indicated by the 
two-dimensional van der Waals’ constant for nitrogen, the agreement 
between the section areas of the other molecules and the areas indicated 
by the liquid density or van der Waals’ constant is quite good, provided 
that the molecules are of approximately spherical shape. If o, had been 
taken to be 16.2, the section areas for these molecules would have been 
uniformly high. Referring to the “Indicated Packing Factors” in Table 
II, and omitting H, and D2 as anomalous, the average F is 1.13 for 12 
different molecules, when F for Nz is taken to be 1.04. If F = 1.09 had 
been assumed for Ne, as indicated by Eq. (5), the average for all mole- 
cules would have been 1.18. That is, if F = 1.09 is the most common 
value for spherical molecules, as proposed by Emmett and Brunauer (18), 
it is necessary to take a lower value of F for nitrogen in order that other 
molecules may approach F = 1.09 more closely. 

The use of c, = 16.2 has become more common since Harkins and 
Jura (22) reported that this value checked the results of an area determin- 
ation made by their absolute calorimetric method. This method, which is 
so difficult to carry out experimentally that it has been applied to only 
two solids, consists in determining the heat evolved when a solid in 
equilibrium with the saturated vapor of a liquid is immersed in the bulk 
liquid. The ratio of the heat of immersion/g. to the surface enthalpy of 
the liquid in equilibrium with its saturated vapor (expressed in heat units/ 
cm.”) gives the surface of the vapor-coated solid in cm.?/g. This surface 
(designated 2’) differs from the surface of the solid without adsorbate 
(designated 2) by a factor that is proportional to the extent to which the 
solid deviates from the ideal case of a single continuous plane surface. 

Harkins and Jura found 2’ for the anatase sample known as “TiO.-I” 
to be 14.4 m.?/g. From a consideration of the particle size, it was estimated 
that the true value of 2 was between 13.5 and 14.1 m.?/g. It does not 
appear impossible that the true value would lie outside this range, how- 
ever. A second determination on another TiO, sample gave 2’ = 9.1 and 
2 = approx. 8.9 m.’/g. The nitrogen adsorption data on these samples 
were used to determine v, by Eq. (1). Solution of Eq. (2) for ¢, using the 
2 estimates of Harkins and Jura, gives, in the case of TiO.-I, « = 15.7-16.4 
and for the other sample, ¢ = approx. 15.2. 

These results do not give any particular preference to 16.2 as a unique 
value for the section area of nitrogen. It would appear that, if the Harkins- 
Jura estimate of the 2:2’ ratio of TiO.-I is correct, o, is slightly greater 
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than 15.4 for this particular adsorbent. The data in Table II suggest that 
15.4 is approximately correct for most oxides and is an excellent value to 
use—at least until it is possible to apply the Harkins-Jura calorimetric 
method more widely (that is, when the required calorimetric measure- 
ments for determining 2’ and sufficient information to fix the 2/2’ ratios 
are available for a large number of solids). 


B. Monatomic Molecules 


Suitable adsorption data are available (Table I) for the noble gases 
neon, argon, and krypton. The preferred section areas (Table II) indicate 
a packing factor of 1.1 for neon and argon near their boiling points. For 
these gases, the section areas are similar to, but slightly larger than, the 
two-dimensional van der Waals’ constant. Krypton apparently has an 
unusually large packing factor. 


C. Diatomic Molecules 


The section areas of hydrogen and deuterium (Table IJ) are unusually 
low, when compared with either the liquid density or van der Waals’ 
values, but the adsorption data were obtained on a metal surface (3) and 
may be anomalous because of chemisorption or unusual packing. The 
section areas of nitrogen, oxygen, and carbon monoxide as given in Table 
II are all within one A?/molecule of the van der Waals’ value and the 
indicated packing factors are 1,09 + 0.05, which is a reasonable result. 


D. Triatomic and Tetratomic Molecules 


The relatively complex triatomic and tetratomic molecules are less 
likely to pack in a simple manner and give conventional packing factors. 
Thus, though the section area of ammonia checks quite well with the van 
der Waals’ value, acetylene, carbon dioxide, and nitrous oxide have 
areas higher than the van der Waals’ value by 2.7, 3.0, and 3.5 A?/mole- 
cule, respectively. The water section area is lower than the van der Waals’ 
value, but is equal to the liquid density value if F = 1.1. The area for 
carbon disulfide obtained from the one available set of adsorption data (7) 
is much higher than would be predicted from the liquid density or van der 
Waals’ constant. This abnormal result may be due to the fact that the 
data for CS. were determined from adsorption on a metal surface. 


E. Polyatomic Molecules 


Like other symmetrical substances, methane has a section area within 
10% of the volume factor or van der Waals’ values. Ethane has a section 
area that is also in excellent agreement with the calculated values, in 
marked contrast to acetylene (see above). The linear paraffinic molecules 
of n-butane, 1-butene, and n-heptane have section areas higher by 30% or 
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more than the liquid density value. This is to be expected, since these 
molecules could not fit into the simple type of packing required by Eqs. 
(5) or (6). The minimum area for linear heptane molecules packed as 
closely as possible has been shown (11) to be 42.3 A?. The corresponding 
minimum area for butane and butene molecules is 25 A. There are now 
sufficient adsorption data to show quite conclusively that the true areas 
are much higher. 

Benzene has a section area quite close to that predicted from the van 
der Waals’ constant. The low section area of n-propanol relative to the 
volume factor or van der Waals’ constant is probably due to the high 
degree of two-dimensional order that this molecule would possess in the 
adsorbed state. As shown in Table III, when two-dimensional packing is 
closer than three-dimensional packing the packing factor is particularly 
small. The value 19.8 given in Table II for the n-propanol area is equal 
to the area calculated from the X-ray dimensions of the molecule, 
assuming closest packing (11). The area found for ethyl] chloride is consis- 
tent with a packing factor of F = 1.04. The section area of dichlorofluoro- 
methane, on the other hand, is higher than would be predicted from the 
van der Waals’ constant or volume factor, corresponding to a packing 
factor F = 1.58. The difference between the results with these two halo- 
genated compounds may be due to the difference in the nature of the 
adsorbents with which they were used. 


Tue JurA-Harkins ApsorpTion IsoTHERM 


Jura and Harkins (23) proposed a new adsorption isotherm in which a 
linear plot of (log p) vs. v-? is used to determine the slope A, from which 
the specific surface can be determined by the equation 


A = 2/k, (7) 


where k is a constant for any given adsorbate. Harkins and Jura (24) have 
given recommended values for k for several different gases. 

It has generally been found that specific surfaces calculated by the 
Harkins-Jura method agree very well with those calculated by the 
Brunauer-Emmett-Teller method (9,21,24,25,26,27). This is to be ex- 
pected, since, when the constant c (see Eq. (1)) is in the range 25-250, the 
two equations both give a satisfactory fit to the same adsorption data 
(28,29,30), and Harkins and Jura have chosen their k values (24) to be 
consistent with Brunauer-Emmett-Teller adsorption results obtained with 
the adsorbent “TiO.-I.” As discussed in the preceding section, Harkins and 
Jura (22), on the basis of their absolute calorimetric determination of 
surface area, chose 16.2 A?/mol. as the cross-sectional area of the nitrogen 
molecule. 

Agreement is not always observed, however, between the J ura-Harkins 
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and Brunauer-Emmett-Teller calculations. Porous adsorbents that form 
multilayers only a few molecules thick do not give adsorption data that 
agree with Eq. (1) but do agree with the Brunauer-Emmett-Teller “n”’ 
equation, which is comparable to Eq. (1) but contains exponential n 
terms, in which n = the maximum number of molecules in the multilayer 
at p = po. Joyner, Weinberger and Montgomery (31) found that, when n 
was small, the Jura-Harkins equation could not be used. T. D. Smith and 
Bell (32) have shown that this result would be predicted from a mathe- 
matical treatment of the ‘“n’’ equation. At present, it appears that the 
Jura-Harkins theory frequently gives a more accurate fit of experimental 
adsorption data at low and moderately high pressures than the Bruanuer- 
Emmett-Teller equation, but is more restricted in its utility as a means of 
determining the specific surface of solid adsorbents. 

One difficulty with the Jura-Harkins equation is that the recommended 
values for the constant k, used in determining specific surfaces, are based 
on results obtained with one adsorbent only (TiO,-I). It is true that this 
has led to better results than were obtained by other methods in some 
cases. The surface areas calculated from butane adsorption data using the 
Harkins-Jura equation have been found by Davis and DeWitt (9) to 
give better agreement with nitrogen areas than could be obtained from 
Brunauer-Emmett-Teller calculations on the same data. As these authors 
pointed out, this results from the use of a section area of 32 A?/mol., 
calculated from Eq. (5), for the Brunauer-Emmett-Teller calculations 
while the Harkins-Jura k value used corresponded to ¢ = 56.6 A?/mole- 
cule. If the section area for butane given in Table II had been used, how- 
ever, the results of the Brunauer-Emmett-Teller calculation would have 

been as satisfactory as the Jura-Harkins result. 
Harkins and Jura (24) have considered in detail the manner in which 
the section area of nitrogen varies for different adsorbents. In this treat- 
ment they have assumed that k always has the value obtained for TiO.-I. 
For 90 different adsorbents, the constants of the Jura-Harkins and 
Brunauer-Emmett-Teller isotherms were determined. The specific sur- 
face = was evaluated from Eq. (7) with a constant value for k, and Eq. (2) 
was used to calculate o. Actually, as has been pointed out by Emmett (29) 
and the author (30), there is no reason to assume that k is a constant and 
o a variable when comparing adsorption data for different surfaces. If 
this assumption were valid the section area of nitrogen would vary from 
13 to 17 A2/molecule as c varies from 25 to 250. While such a variation in 
section area is not impossible, a variation in k of equal magnitude is at 
least as plausible. 
OruEeR ApsorPTION ISOTHERMS 

Several modifications of the Brunauer-Emmett-Teller have been pro- 

posed recently. McMillan (33) proposed an equation to be applied to 
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adsorption on composite surfaces. The monolayer adsorption gave a 
better agreement with experimental data at pressures below that for 
monolayer formation. The same vm value would be used with McMillan’s 
equation as with Kg. (1). 

Anderson (34) developed a modified Brunauer-Emmett-Teller equation 
containing a new constant in addition to vm and c. For several nitrogen, 
acetylene, and ammonia isotherms, the specific surface values calculated 
by the new equation were 10-20% higher than those obtained using Eq. 
(1). Anderson and Hall (35) later proposed a 4-constant equation that 
incorporates the concepts used in Anderson’s original equation. ‘The new 
equation gave specific surfaces within +10% of those obtained from Eq. 
(1). R. N. Smith and Pierce (14) derived a 4-constant equation by a modi- 
fied Brunauer-Emmett-Teller treatment assuming the presence of active 
centers. The specific surfaces indicated by their equation were within 20% 
of the conventional Brunauer-Emmett-Teller value in many cases, but 
they also cite examples where their method gives values that are higher 
or lower by a factor of 5-10. The isotherms for which the difference was 
greatest were generally those for solids of low adsorptive capacity for 
which experimental accuracy is poor. 

As mentioned in the preceding section, the so-called ‘‘n’’ equations of 
Brunauer, Emmett and Teller (1) must be applied to adsorption on porous 
solids. Joyner, Weinberger and Montgomery (31) found the difference 
between specific surfaces obtained from Eq. (1) and those obtained from 
the related ‘‘n”’ equation to be of the order of 1% for nonporous oxides, 
but the difference was about 20% for porous carbon blacks. The present 
tabulation places little reliance on data for carbon blacks. None of these 
new adsorption equations seems to offer any basis for altering the previous 
conclusions regarding the best value for cross-sectional areas. 

The effect of temperature on the section area of adsorbed molecules has 
not been dealt with in any detail in any of the various theoretical treat- 
ments of adsorption. Brunauer (15) suggests that o should vary as p?/?, but 
gives examples where this is not so. Certainly it is to be expected that the 
packing factor F in Kq. (6) will vary with temperature, just as p does. 
For the purposes of this summary, it must be concluded that, at present, 
reliable values can be assigned to the section areas at only one temperature 
for each adsorbate. More work must be done before a study of tempera- 
ture variations can be undertaken. 


CONCLUSIONS 


The cross-sectional area of adsorbed molecules on solid surfaces can be 
assigned definite values for those molecules for which sufficient adsorption 
data are available. The areas assigned are accurate for physically adsorbed 
molecules only. DeBoer (36) has shown recently that iodine adsorption 
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under conditions that may involve chemisorption fits the Brunauer- 
Emmett-Teller equation, but the value for monolayer adsorption given 
by the equation is in error by a factor of 3. Similar results might be ex- 
pected in any case where chemisorption occurs. 

The values for the cross-sectional areas given in this paper have, in 
general, been obtained from data for molecules adsorbed on oxide adsorb- 
ents, since more data are available for solids of this type. There is no 
reason for limiting the application of these section area data to non- 
porous solids. Porous solids, however, cannot be used for comparing 
different adsorbates if the pore dimensions are such as to “screen” the 
molecules being adsorbed and offer a noticeably greater adsorbing surface 
to small molecules than to large ones. 


SUMMARY 


Values have been assigned to the cross-sectional area of adsorbed 
molecules on solid surfaces for 23 different molecules. In calculating the 
areas, a value of 15.4 A?/molecule has been taken as standard for nitrogen 
adsorbed at —196°C. The results are consistent with the areas predicted 
for the molecules on the basis of their liquid densities and two-dimen- 
sional van der Waals’ constants. The values are based on adsorption 
isotherms that are in agreement with the Brunauer-Emmett-Teller theory 
of physical adsorption. None of the more recently-published theories of 
physical adsorption has been applied to a sufficient number of experi- 
mental isotherms to justify its use in cross-sectional area calculations. 
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I. GENERAL CONSIDERATIONS OF DETERGENCY 
A. Introduction 


This review is an attempt to offer a coherent presentation of experi- 
mental facts and theoretical considerations which have been published 
chiefly since 1939. The work done prior to 1939 has been dealt with ex- 
tensively (13, 89). In the following discourse the term “‘soap”’ will be 
used in its broadest sense to include soap-like materials as well as true 
soaps. 


TABLE I 
Classification of Soaps 
A. Colloid electrolytes 
1. Anionic soaps 3. Ampholytic soaps 2. Cationic soaps 
= +> cae cS = 
4 Phe batts rae , 
B. Colloids 
4. Nonionic soaps 6. Anionic-cationic 5. Nonionic soaps 
with anionic soaps (electro- with cationic 
character neutral) character 
OPP GL ---->>> 
--- -'+ +++ 
@—Terminal CH;— group. +Ionic bond. 
— Water-soluble group. + Nature of charge. 


The author (26) has suggested a classification of soaps into 6 groups 
as shown in Table I. Three groups are colloid electrolytes which show 
both the characteristics of single electrolytes and of colloids, depending 
on their concentrations, and the other 3 groups have only colloidal 
properties at higher concentrations. Among the colloidal electrolytes, the 
anionic soaps which form surface active anions are the most important 
group for cleaning applications. Examples are the single soaps with a 
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carboxyl group, alkyl sulfates, alkansulfonates, alkylarylsulfonates, and 
fatty acid condensation products like Igepon T. The cationic soaps 
which form surface active cations cannot be used for cleaning action 
except at relatively high concentrations. Among this group are alkyl- 
pyridinium chloride and many other substances which are valuable in 
many industrial applications. The ampholytic soaps are surface-active 
products with betaine structure, for example, soaps with the general 
formula CHCOO— 
CnaHoen41 | + 
N(CHs)s 

Among the colloids, the nonionic soaps with anionic character are 
surface-active substances which contain, besides the paraffinic chain, a 
number of hydrophilic points like ether or hydroxyl groups. Solution in 
water takes place through the formation of hydrogen bonds between the 
oxygen atoms and water. Condensation products of fatty acids, fatty 
alcohols, alkylphenols with ethylene oxide and alkyl glucosides are ex- 
amples of this group. Nonionic soaps with cationic character are scarcely 
known. Condensation products of polyalkylene polyamines with alkyl 
halides which are described in the German patent 668,744 belong to this 
group. It is not to be expected that they have any value for cleaning 
action. The anionic-cationic soaps which are formed from equivalent 
amounts of anionic and cationic soaps are only colloidally soluble in the 
absence of electrolytes, and cannot be used for cleaning. Many important 
and useful substances belong mutually to two classes, e.g., fatty acid- 
albumin condensation products or alkyl polyglycol ethers with a terminal 
sulfonic acid group. 


TABLE II 
Average Composition of the Oily Compound in Naturally Domestic Dirt 

Free fatty acids (Mean C33, I.V. 46) 31.4% 
Triglycerides of fatty acids (Mean Cys, I.V, 46) 29.2% 
Saturated and unsaturated fatty alcohols, 

cholesterol (Mol. wt. 275, I.V. 63) 15.38% 
Hydrocarbons, saturated and unsaturated 

(Mean C20, I.V. 50) 21.0% 


The aim of a washing process is to transport the dirt as completely as 
possible from the substratum into the aqueous washing liquor during the 
washing operation and to completely remove the dirt in the rinsing 
process. The basis of all considerations in a washing process must be 
the dynamic equilibrium of the dirt on the substratum with the dirt in 
the washing liquor. All other factors being constant, the equilibrium ratio 
is dependent on the character of the dirt and the kind of substratum, 
e.g., rayon and wool are easier to clean than cotton if the dirt is the same. 
The oily constituent in natural domestic dirt was studied by Brown (9). 
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Cotton shirts, linen pillow cases, tea-towels and woolen socks contain, 
after ordinary use, a mean value of 0.75% oil. The average composition 
of the oil is given in Table II. 

Recent work of general interest regarding detergency and practical 
detergency tests has been presented in numerous papers (5, 15, 40, 43, 
76, 78, 84, 90, 91, 93). Chwala and Martina (14), Sisley (80), and Aickin 
(3) published summaries concerning cleaning action. 


B. Removal of Solid Soil, Particle Size 


Practical experience and laboratory experiments have shown that the 
less dispersed the dirt is, the easier it is to remove (29). Experience with 
different model dirts has clearly demonstrated the influence of particle- 
size on the removability. It is well known that large soot particles are 
easily and completely removable, but the ultramicroscopically fine carbon 
particles from India ink are not. A suspension of indigo in water was 
proposed by Heermann (86) as a standard dirt and it is relatively easy to 
remove. But the removability is very much reduced if an indigo sol is 
used for soiling the fabric. This sol is produced by oxidation of leucoindigo 
solution with air in the presence of protective colloid. In this connection, 
it is of interest that fast dying can be done without vatting (4) by using 
a very fine dispersion of vat dye, t.e., by the Abbot-Cox process. 

Ferric oxide is also easy to remove if it is used according to the di- 
rections of Bosshard and Sturm (6), 7.e., precipitated on the wool fiber 
with ammonia from any ferric salt. The ferric oxide formed on drying is 
large grained, but, if very fine airborne siliceous dirt is used to soil the 
fabric, the ferric oxide contained in the dirt remains on the fiber after 
several washings with the best detergent. The preceding examples may 
be sufficient to show the importance of particle size. The following Figures, 
1 and 2, show schematically the dependence of cleaning action on the 
particle size of the dirt. It is very difficult to remove the dirty rings 
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from collars and cuffs. Dirt of this kind is so finely dispersed that the 
particles cannot be distinguished by the ordinary optical microscope. 
Special kinds of dirt, such as coarse particles, skin shreds, water-soluble 
substances, and special albuminic dirts will not. be considered in this 
review, since the most important types of dirt, and the most difficult to 
remove, are the very fine soot and mineral particles which are attached 
to the fabric. 

The energy necessary for washing increases with decrease in particle 
size. As the particle size becomes smaller and smaller, a dimension is 
reached beyond which it is impossible to remove the particles with the 
best detergent. It must be appreciated that the dirt particles which are 
not removable have a size of about 0.1 « and smaller. Perhaps, the smaller 
dirt particles can enter inside the substratum and, therefore, it is not 
possible at all to remove them by common means without disturbing the 
substratum, which is suggested by Kling (47). Bacon and Smith (5) 
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established the existence of a quantitative relationship between the con- 
centration of a soap and the mechanical work required in removing solid 
soil in a detergent process. The experimental data show that the concen- 
tration of detergent (C), mechanical force (F’), and time (T) are quantita- 
tively related to each other in bringing about the removal of soil (S). 
For intermediate ranges of soil removal, the following equation is valid: 


S = K(CFT)*. (1) 


The mechanical force was varied by using stainless steel balls of various 
different sizes and numbers in a launderometer using various rotational 
speeds. The per cent of soil removal was calculated from reflectivity rela- 
tive to that of MgO. The change of reflectivity, although not a linear 
function of colored soil removed, was related to soil removal by means of a 
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graph. The actual values of K and n for various detergents is the subject 
of current investigation by Bacon and Smith (5) 


C. Removal of Fatty Soil 


The removal of soil caused by fatty materials is more dependent upon 
their chemical character than upon the distribution of the soil on the 
fabric, because the fatty soil is liquid at the normal washing tempera- 
tures. The removal of oily dirt was studied by Kling, Langer and Haussner 
(49). In agreement with Adam (1), they found that the oil film on the 
fiber surface in the presence of the detergent solution contracts to droplets 
which then float away. 

On this basis, Kling (46) and Kling and Koppe (48) derived a formula 
for the work done in washing. This formula concerns the removal of oils 
and fatty dirt only. 

Before washing, the greasy and oily dirt is uniformly distributed on 
the fiber with a contact angle, ® ~ 0 if measured in the oil phase. Later, 
during washing, approaches 180° as the oil forms droplets, and the 
substratum surface is then covered with the aqueous solution. The work 
to substitute the oil by the aqueous solution is identical with the work for 
washing: 

—W~F (Aj + cAB), (2) 


W = work of washing (dynes cm.), 
F = area of contact with the substratum surface (cm.?), 
Aj = difference between the wetting tensions of the substratum for 
the washing liquor and for the oil (dynes cm~), 
oAB = interfacial tension between both liquid phases (dynes cm~). 


Aickin (3) very carefully examined the influence of neutral and 
alkaline salts on the detergent action of a secondary alkyl] sulfate with a 
molecular weight of 304, which corresponds to about a 13-carbon chain 
paraffin. The branched product shows faster wetting action and is, 
therefore, more hydrophilic than the normal alkyl sulfate with the same 
molecular weight (26). Aickin worked with solutions of 1 g. of alkyl 
sulfate/l. (accordingly with the critical micelle concentration. of 3.1 X 
10-* M). The substratum was wool, soiled with olive oil. The detergent 
action of adding several salts followed, without exception, the course of 
the interfacial tension. 

Experiments by Palmer (64), on the removal of olive oil from wool 
with alkyl sulfate solutions containing salts, are in agreement with the 
above relationship because better cleaning action was observed for those 
solutions showing greater interfacial tension-lowering. It is considerably 
more difficult to develop a formula which will give quantitative results in 
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the case of removing solid particles of colloidal dimensions during the 
washing process. 

The amount of detergent adsorbed by the substratum must also be 
considered. The amount of sodium alkyl sulfate adsorbed by wool in- 
creases as the salt concentration increases, as is also shown by Aickin (3). 
The detergent power of the different types of detergents varies. In 
general, the removability of the dirt decreases with increasing melting 
point of fatty substances present in the soil. Therefore, the cleaning of 
raw wool, and the cleaning of textile fibers lubricated with fats and waxes 
in general, is done at a temperature above the melting point of the fats or 
waxes. Fatty soils which contain hydrophilic groups are more easily 
removed than are fatty soils which have been oxidized or resinified. 

Utermohlen and Wallace (88) studied the influence of aging on the 
removal of solid and oily dirt from fabric. A generally recognized method 
for studying the removal of standard dirt does not exist, although many 
different kinds of recipes and evaluations of results can be found. How- 
ever, it is possible to arrive at some general conclusions from the results 
of the different authors. 


D. Wetting Action and Cleaning Action 


Each washing process begins with the wetting of the more or less 
hydrophobic material. The best detergents are, at the same time, not the 
best wetting agents and vice versa. Several general rules have been derived 
from a study of the relationship between the chemical constitution and 
activity of wetting agents by Goette (26). These rules are also applicable 
to detergents. Systematic research with homologous series, such as the 
sodium soaps of fatty acids, sodium alkyl sulfates and sodium alkan- 
sulfonates, has indicated there is an optimum cleaning action depending 
on the number of carbons in the paraffin chain. This is true for both 
detergent action and wetting action. In all cases, the best wetting agent 
has a shorter paraffin chain than the best detergent in the same homolo- 
gous series as shown in Fig. 3. In Fig. 3, N is about 1 in the case of sodium 
alkyl sulfates. In a scheme given by Rehbinder (74), the relation between 
the degree of dispersion, detergency and interfacial tension was first 
suggested. The position of the 2 optima for wetting action and for cleaning 
action varies with the kind of hydrophobic part of the molecules in the 
homologous series. For good cleaning action, a soap must be more hydro- 
phobic or less hydrophilic, whereas, for good wetting action, the soap 
must be less hydrophobic and more hydrophilic, as shown in Fig. 3. 

Branches in the paraffin chain change the optimum number of carbon 
atoms in the chain effective for wetting action and for cleaning action to 
higher numbers, and many experiments have shown that the absolute 
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value for the best wetting action increases with the number of CH;— 
end-groups within a given homologous series (26). 

By the addition of a second hydrophilic group in the molecule, the 
wetting action and the detergent action depend mostly upon the position 
of the second hydrophilic group with respect to the first, and both actions 
will be reduced by the second hydrophilic group. Pure sodium oleyl]- 
sulfonate is an excellent detergent, whereas the same soap, in which the 
double bond has been sulfated, is a poor detergent (85). 
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The wetting activity, and also the detergency, of a soap can be in- 
fluenced by adding neutral salts. A very impressive example is the meas- 
uring of the wetting time of cotton yarn using solutions of sodium alkoxy 
acetate and (NH,).SO, at different concentrations (26). On the other 
hand, the cleaning action of a pure solution of sodium dodecyl sulfate 
can be increased by adding a certain amount of any neutral salt but, if an 
optimal amount is exceeded; the cleaning action is retarded (29). This 
effect is dependent on the number of carbons in the paraffinic chain and 
also on the general construction of the molecule. 


II. TuHe ImMporTANCE OF THE CRITICAL MICELLE 
ConcENTRATION (C.M.C.) 


A. Values for C.M.C. Influence of C-Number, 
Hydrophilic Groups, and Temperature 


A typical property of soaps is the formation of micelles above a char- 
acteristic concentration which is called the critical micelle concentration. 
The C.M.C. decreases with the number of carbon atoms for each member 
in each homologous series. Hess, Philippoff and Kiessig (38), and later 
Klevens (45), have published reviews on the dependence of C.M 1c: on the 
length of the paraffin chain with the sodium salts of fatty acids, sodium 
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alkyl sulfates and sodium alkansulfonates. The critical concentration of 
micelle formation can be determined by many physical methods. Numer- 
ous soap properties undergo radical change at the C.M.C. (71). Insofar 
as cleaning action is concerned, concentrations below the C.M.C. are 
most important because cleaning is maximal at the C.M.C. Ekwall and 
Lindblad (21) have found by careful pH measurements of sodium laurate 
solutions in the absence of carbon dioxide that below 0.006 N sodium 
laurate, a 1-1 electrolyte is formed. With increasing concentration, 
several changes occur with the formation of anions with charges ranging 
from 2 to 6, at the concentrations given in Table ITI. Only at 0.028 N con- 
centrations of sodium laurate (20) do the anions with multiple charges - 
form micelles. The micelle structures themselves are not considered in 
this paper. 

In Table IV we review the C.M.C. of many anionic soaps and of one 
nonionic soap. This does not include some data where the C.M.C. is only 
indicated by graphs without specific values having been established. 


TABLE III 
Sodium laurate concentration Charges of 
M X 10% laurate anion 
0-6 ii 
6-21 2 
21-28% 4 
28-37 6 


2 Known as the “limit concentration,” the concentration below which the soap is a 
1-1 electrolyte (12). 
>C.M.C. 


The older determinations (31, 55, 70) of the surface activity of alkyl 
sulfates show that at the C.M.C. there is not only a break in the con- 
centration vs. surface tension curve, but there is also a minimum. Miles 
and Shedlovsky (61) were able to show that the minimum is caused by 
the presence of a small amount of free fatty alcohols in the soap samples. 
Pure sodium dodecyl sulfate, from which the fatty alcohol had been ex- 
tracted with ethyl ether for 36 hr., shows only a break at the C.M.C. but 
not a minimum. Reichenberg (72) gave a theoretical explanation for the 
effect of impurities at the C.M.C. of the soaps. 

Cushmann, Brady and McBain (18) and Gonick and McBain (30a) 
were able to show that organic cations in anionic soaps have a remarkable 
influence on the C.M.C. Potassium laurate has a C.M.C. of 24 x 10-3 
and the benzyltrimethylammonium salt has a C.M.C. of 10 x 107%. 

Results from different laboratories show that there are some important 
variations between the values for the C.M.C. and the influence of the 
temperature on the C.M.C. (see Table IV). This may be understandable, 
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considering that the soap solutions are very sensitive systems and each 
external force acting during the measurement would be able to change 
the balance of aggregation. Time has an influence on the surface tension 
which is shown by Nutting, Long and Harkins (63). The safest procedure 
for determining C.M.C. would be the refractometric method on which 
Klevens (45, 46) especially relies. This method does not involve the addi- 
tion of an extraneous substance or the application of some external force. 


TABLE V 
C.M.C. M X10 


Temp. °C. CiwHaiSOs.Na CiwHsSO1Na CiuH2COOK2 CizH27COOK 
25 41 = 25.5 6.6 
30 = == 26.0 — 
35 42 10 27.0 7.0 
45 45 11 30.5 7.4 
55 49 12 35.0 7.9 
65 55 14 42.0 8.6 


« Not in agreement with the values given by Brady and Huff (8). 


Using the refractometric method, it was possible to make clear the in- 
fluence of temperature on the C.M.C. (45). These results indicate that the 
C.M.C. increases with increasing temperature (Table V). It is possible 
to calculate the C.M.C. for each member of a homologous series at a 
constant temperature, if the C.M.C. is known for any member then: 


log(C.M.C.) = A + BN, (3) 


where N = number of carbon atoms in chain, 

B = anempirical constant (may be taken to be log 2 with sufficient 
accuracy), 
a constant for the particular temperature and homologous 
series, which may be determined from a known value of the 
C.M.C. for one member of the series. 


A 


B. Changing of C.M.C. in the Presence of Salts 

Corrin and Harkins (16) and Klevens (45) have demonstrated the 
changes in the C.M.C. of soap, applying change in spectral absorption of 
pinacyanol chloride (33) in the presence of added salts, using sodium 
decylsulfonate and potassium laurate. These authors stated the general 
rule that the log of the C.M.C. of anionic soaps is linearly dependent upon 
the log of the cation concentration of the added salt. The different salt 
anions have no influence upon the aggregation of anionic soaps (16, 45). 
This result is in agreement with the experiment by Powney and Addison 
(67) who studied, by surface and interfacial tension measurements, the 
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changing of C.M.C. of dodecyl sulfate solutions containing various con- 
centrations of added NaCl and CaCl. Corrin and Harkins (16) used 
sodium dodecyl sulfate with increasing amounts of NaCl, Na.SO, and 
Na,.P.O;. Fig. 4 gives the C.M.C. values (16, 67) with pure sodium dodecyl 
sulfate and also in the presence of NaCl, Na2SO. and Na,P,Oy. Powney 
and Addison (67) report that CaCl, causes the alkyl sulfate to aggregate 
40 times more than NaCl, and that this relation is the same for the 
coagulation of colloids which follow the Schulze rule (79). 


C. C.M.C. and Detergent Action 


Preston (71) presents the idea that a “critical washing concentration” 
exists, beyond which further addition of detergent does not increase the 
washing power, and that this critical washing concentration is about the 


@Nacr 
1.6 e@Na2s04 
e Naa P20 


Cio Hos SO04Na CMC GM/L 


SALT GM/L 


Fia. 4. 


same as the C.M.C. Palmer (64) gives a discussion of the importance of 
the micelles in detergency, and he emphasizes that detergency does not 
depend on the presence or absence of micelles. On the other hand, McBain 
and Woo (59) suggest that one of the factors in detergency is the dissolu- 
tion of oil in the micelles of the detergents. Preston did not try to establish 
a correlation between C.M.C. and the critical washing concentration in 
the case of sodium oleate, because the C.M.C. for sodium oleate cannot 
be stated exactly. Turning now to di-n-octyl sulfosuccinate which is a 
good wetting agent but not a good detergent agent, Haffner concluded 
that its C.M.C. is about the same as that of hexadecyl sodium sulfate 
(31). However, there is no doubt that the optimum washing concentration 
of this sulfosuccinate is much higher than that of hexadecyl sodium 
sulfate. There would, therefore, appear to be no agreement in this case 
between C.M.C. and optimum washing concentration. However, the 
C.M.C. for this sulfosuccinate is based upon meager experimental data. 
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McBain and Bolduan (57) found, by the freezing point lowering method, 
an agreement with the values given by Haffner and coworkers (31), but. 
it is not possible to establish from their paper exact values for C.M.C. 

If maximum washing power is reached at the C.M.C. in the case of a. 
simple detergent system, it does not follow that the break in the deter- 
gency curve necessarily coincides with the C.M.C., even in this case. As: 
reported in Fig. 2, the ability of a detergent to remove dirt varies with 
the size of the dirt particles, and, if these are very large, they may be 
washed away before the full detergent power of the solution is utilized. 
Only in case the full detergent power is utilized could we expect agreement. 
between C.M.C. and the break in the detergency curve. Furthermore, 
with dirt of extremely small particle size, cleaning becomes so poor that 
breaks in the detergency curve can scarcely be detected. 

Preston (71) shows that detergent action, colloid formation, and sur- 
face activity are different manifestations of the same characteristic of 
the detergent for pure soaps alone. But it still must be proven that. 
Preston’s hypothesis is correct if alkali or neutral salts are present, as in 
the case under practical washing conditions. 

It has been stated (3, 64) that the addition of neutral salts has an 
important influence on the cleaning power, this is much more the case 
with the addition of alkali, e.g., NasP2O7. If a pure solution of dodecyl 
sulfate is used, at a concentration below the C.M.C., and Na.SO, and 
NaCl or, even better, NasP2O7 is added, the detergent power will be in- 
creased. The optimum cleaning action of the liquid, that is, Preston’s 
critical washing concentration, will be reached at a lower concentration 
by adding Na,P.,0;, than by adding Na,SO., because NasP207 has more 
washing action than Na,SO, (35). However, Fig. 2 shows that both salts 
affect C.M.C. about equally, indicating that the critical washing concen- 
tration and C.M.C. in the presence of electrolytes are not necessarily the 
same. Although the sodium ion shifts the detergency curve to the left, 
and may be predominant in reducing C.M.C., alkalinity and the nature 
of the individual salt anions also influence detergency. 


D. Foam Properties and C.M.C. 


There is a relation between foam properties and C.M.C. The maxi- 
mum half-life time attained by foam volumes as determined by Goette 
(28) occurs at approximately the same concentration as the C.M.C. This 
correlation is shown in Figs. 5-7 for the alkyl sulfates, alkyl sulfonates, 
and fatty acid soaps. Older experiments by Goette (25) with the foam 
number bulb of Stiepel (83) show that the amount of liquid which is 
converted into foam at the end of the agitation period reaches a maximum 
value at concentrations which are above the C.M.C. in the case of sodium 
alkyl sulfates (Table VI). 
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Fig. 5. 


Lederer (52) found that the amount of liquid which becomes foam 
increases inversely as the square root of time. This relationship makes it 
possible to determine, at the end of the agitation period, the exact amount 
of liquid in the foam for zero time by extrapolation. This cannot be found 
by direct observation. Furthermore, it,was found (25) that the amount of 
liquid which is converted into foam depends on the length of the paraffin 
chain and on the temperature. Therefore, it may be possible that the best 


TABLE VI 


Concentrations MX 10-3 for Maximum Amount of Liquid Converted into Foam in 
Relation to the C.M.C. of Sodium Alkyl Sulfates 


Maximum liquid 


C-atoms into foam (25) C.M.C. (70) 
12 50 9.3 
14 60 2.6 
16 25 1.0 


18 5 0.41 


474 ERNST K. GOETTE 


agreement between optimum half-life time of the foam volume and C.M.C. 
would be dependent on the temperature. 


III. Tue IwrortTaNnce OF THE INTERFACIAL POTENTIALS 


A very important factor in the detergency process is the interfacial 
potential or ¢-potentials between the surface and the detergent solution 
and between the soil and the solution. For like ¢-potentials between the 
soil and the solution and between the substratum and the solution, the 


bar) io 2, 


4 s 18 
NO. OF CARBON ATOMS 
Fie. 6. 


higher these ¢-potentials the greater will be the detergent effect. The 
differences between anionic soaps and cationic soaps and the different 


salt effects can be understood very well on the basis of changing inter- 
facial potential. 


A. The Effect of Anionic Soaps and of Cationic Soaps 


In the case of both cationic and anionic soaps, the paraffin chain of 
the surface-active ion is adsorbed preferentially by fatty dirt and fat-free 
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insoluble surfaces (60, 32, 49a). An adsorption by fatty dirt takes place 
because the paraffin chain is soluble only in the fatty dirt and not in the 
aqueous solution, whereas the fatty ion, because of its water insolubility 
and surface activity, is adsorbed by the solid surfaces. The result is a net 
decrease in free energy of the fatty ion when it is adsorbed on the solid 
surface. The preferentially adsorbed ion determines the kind and magni- 
tude of the ¢-potential of the dirt and substratum. In the case of anionic 


M xX 103 


14 16 16 
NO OF CARBON ATOMS 
Linch 7p 


soaps, a higher negative potential results on both the fiber (87) and the 
dirt, and, in the case of cationic soaps, the substratum and the dirt will 
become more positively charged. It is possible to show experimentally 
that in each case the paraffinic ions are preferentially adsorbed rather 
than their counter ions. Inorganic pigments, e.g., BaSO., ZnS, ZnO, TiOz, 
can be used to impart dullness to otherwise shiny rayon surfaces. All these 
pigments are negatively charged. Either anionic or cationic soaps can be 
used to obtain stable suspensions. There is one process to combine the use 
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of anionic and cationic soaps (27) in which the pigment is at first sus- 
pended in a solution of anionic soap and then precipitated with a stoichi- 
ometric amount of cationic soap. If a surplus of cationic soap is used, then 
a stable positively charged suspension of the pigment results. 

The adsorption of positively charged particles by rayon is so rapid 
that a single immersion in a bath will completely exhaust it. If too high a 
surplus of cationic soap is used to produce the positively charged sus- 
pension, the pigment will not go completely onto the fiber surface, be- 
cause the fiber surface will be also positively charged by adsorbed fatty 
cations. 

The impossibility of cleaning with cationic soaps below a soap con- 
centration of about 10 g./l. is only to be understood if we assume that 
the dirt preferentially adsorbs the cationic fatty ions and that only with 
higher amounts of cationic soaps can the substratum also be positively 
charged. It is necessary to clarify this assumption by further experi- 
mental work. 

In practical concentrations of about 0.05-2% soap, without exception, 
only the anionic soaps and the non-ionic soaps with anionic character are 
real detergents. It is claimed by other authors that the action of the 
soaps of polar construction can be explained by the good contact obtained 
between the hydrophobic dirt and the paraffinic chain during the washing 
process, while at the same time the hydrophilic parts of the soap remain 
dissolved in water. The detergent builds a bridge between water and dirt. 
This working hypothesis was established by Goette (25). Similar con- 
siderations have also been proposed (2, 19, 23, 34, 51, 60, 73, 81). 

The details of the soap orientation on the substratum are not clear. 
A glass surface covered with paraffinic cations, after treatment with a 
solution of any cationic soap, is persistently hydrophobic (26, 62); but a 
glass surface covered with paraffinic anions, after treatment with anionic 
soap solution, remains hydrophilic. In this connection it may be of interest 
to mention that dry anionic soaps are difficult to wet with water but dry 
cationic soaps are wettable without difficulty (29). At present, these 
phenomena have not been explained. 

Brill and Rieder (10) used X-ray diffraction methods for investigating 
soap films on the surface of thin nitrocellulose films and found that the 
soap films made with 0.1% soap solutions probably contain several 
molecular layers. If more dilute solutions are used, it should be possible 
to obtain monomolecular films. The newly formed films can be rinsed off 
very easily, but if they are aged several days, or if the films are formed at 
higher temperature (85°C.), they are more difficult to rinse off. 

Taking up the surface-active anions, the dirt and the substratum will 
acquire an increased negative charge, and electrostatic repulsion takes 
place between the dirt and the substratum (see Table VII). In general, 
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TABLE VII 
Detergent Action and Zeta-Potentials 


Zeta-potentials (volt) against aqueous phase 


ee Solid particles 
attra Mol are valu e Mineral oil droplets 
iY ener Carbon |Ferric oxide! Cellulose 
(25) miehp aaety| CAL 
ae Urbain & | Urbain & | Urbain & Bull & 
(66) Jensen Jensen Jensen Gortner 
(87) (87) (87) (11) 
‘Water = +0.0 | —0.046 0.086 | —0.052 | —0.028 | —0.010 
KCl 0.01 +0.0 | —0.046 — — — —0.0124 
Na2SO. 0.0035 — — — —0.057 = — 
K.uFe(CN)<¢ 0.01 +0.7 | —0.070 — — — = 
KuFe(CN). 0.0036 — — — — 0.060 — — 
NasPO, 0.0036 — == — — 0.063 — — 
BaCl, 0.01 —0.5 | —0.018 — — — — 0.0060 
AICI; 0.01 —1.6 | +0.0025 — — = — 0.0034 
Sodium 
palmitate 0.0036 — — —_ — 0.069 _— — 
Sodium oleate 0.0036 — — —0.151 | —0.083 — — 
Dilute soap 
solution ? — — — = — 0.078 = 


*Q = log ws W. = whiteness after washing with detergent solution. 


W> = comparison value with buffer solution at the same pH. 


all dirts and substrata have, in aqueous solutions, a negative charge be- 
cause the dielectric constant of water is extremely high. Actual measure- 
ments of the ¢-potentials of various fibers in water are reported by Karrer 
and Schubert (42) as given in Table VIII. 

The increase in cleaning action with increasing soap concentration up 
to the C.M.C. (71) can be deduced from the values of the electrostatic 


TABLE VIII 
Zeta-potential 

Fiber against water 
Cotton mercerized —0.015 
Cotton not mercerized — 0.038 
Wool — 0.048 
Viscose rayons —0.0017 to —0.008 
Cuprammonium rayon — 0.005 
Acetate rayon — 0.036 
Pyridinized cotton +0.019 
Pyridinized rayon +0.0086 


Except for the aminated yarns, the textiles show a negative -potential against water. 
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forces. Ekwall and Lindblad (21) found that soaps form anions with 
increasing valences before micelles are formed. These highly charged 
anions cause an increasing interfacial potential with increasing soap con- 
centration (see Table ITI). 

Urban and Jensen (87) investigated the influence of soaps on the 
interfacial potential of emulsified oil droplets and suspended small carbon 
particles. If soap is present, the value of the negative interfacial potential 
of solid and oily particles increases, details are given in Table VI. The 
longer the paraffin chain of a soap, the higher is the interfacial potential. 
For a given soap, the interfacial potential depends but little on the soap 
concentration. It is also to be noted that, near the C.M.C., no break in 
the value of the interfacial potential takes place. In addition, the alkalin- 
ity of the soap solution is not sufficient to account for the interfacial 
potential of the carbon particles suspended in the solution. 

The optimum protective action against the sedimentation of Ilmenite 
Black on clean cotton fabrics is reached with the soaps at the following 
concentrations (69) (see Table [X). 


TABLE IX 
Optimum for protective 
Soap action M X1073% C.M.C. X10 
Sodium laurate 5 About 30 
Sodium stearate 0.13 About 0.6 
Sodium oleate 0.5 About 0.1 


The cationic soaps are not able to clean in customary laundry con- 
centrations, about 0.05-2% soap. In “washing” textiles soiled with 
artificial standard dirt, made from India ink without oil, cationic soaps 
cause a redistribution of the carbon of the soil over the cotton without any 
of the carbon getting into the liquor. It is possible to obtain two com- 
pletely homogeneously soiled cotton fabric pieces by using one soiled 
piece and one clean piece in the same solution of cationic soap during the 
“washing” process (29). This simple experiment shows that the dirt is 
also movable but a definite removal does not take place, because an 
electrostatic attraction, and not a repulsion, occurs. With concentrated 
solutions of cationic soaps, it is possible to get cleaning action (29), but. 
it is necessary to use many times the highest usual amount of anionic 
soap (~10% and more). This fact is in support of the importance of the 
interfacial potential, because, with high concentrations of cationic soaps, 
the substratum is also positively charged. Kling, Langer and Haussner 
(49) showed the same mechanism in the case of oily dirt. They used wool 
soiled with peanut oil. A solution of 0.4% dodecylpyridinium bromide 
like the anionic soaps, causes the oil to form into droplets because ie 
hydrophobic part of the molecule is going into the oily dirt phase and the 
hydrophilic group remains soluble in the aqueous phase. Kling, Langer 
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and Haussner (49) were able to observe microscopically that the oil is 
moveable but it remains on the substratum surface like the solid dirt in a 
solution of cationic soap. The distribution of the displaced oil on the 
fibers appears different (49). Oily dirt can be removed if the concentration 
of the cationic soap is high. 

The mechanism is thus the same with solid and oily dirt, and the 
cleaning phenomena with both anionic and cationic soaps can be ex- 
plained in terms of interfacial potentials. 


B. Electrolyte Effects 


The various changes of cleaning power of the soaps on addition of 
neutral salts and/or alkalies cannot be explained solely in terms of the 
C.M.C. In agreement with Corrin, Harkins and Klevens (16, 44), Powney 
and Addison (67) were able to show that, in the case of alkali salts, con- 
centration and valence of the cations have an influence on the changing 
of the C.M.C. of anionic soaps. On the other hand, the different anions 
have an individual, very important influence on the cleaning action. The 
experiments by Powney and Wood (70), who studied the movement of 
oil drops in an electrical field, show that the mobility is increased with 
increasing anion valence and with increasing pH of the alkaline salts. 
These experiments are in good agreement with the detergent action of 
these substances. Fig. 8 shows the comparison of the cleaning action 


Svour 


Ou. 
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(per cent whiteness ““W’’) of soapless buffer solutions given by Goette 
(24) with an oiled India ink dirt model on fabric and the ¢-potentials 
(volt) given by Ellis (22) with unbuffered solutions of HCl and NaOH at 
the same pH. Between pH 5 and pH 10.2, the cleaning action increases 
with increasing negative ¢-potential of the oil drops. Above pH 10.2, the 
cleaning action remains constant, but the ¢-potentials decrease with in- 
creasing pH. However, the cleaning action is also dependent on the ¢- 
potential of the substratum against the aqueous phase and not only on 
the ¢-potential of the oil drops. A complete agreement between whiteness 
and ¢-potential is not to be expected, because the experimental evidence 
is still too incomplete. Experiments by Goette (25) compared the deter- 
gent action of 0.01 M K,Fe(CN)., KCl, BaCl2, and AICl; solutions with 
the cleaning action given in Fig. 8 of dilute buffer solutions at the same 
pH. The K,Fe(CN), solution cleans better than a buffer solution at the 
same pH because the Fe(CN).~ is preferentially adsorbed. No difference 
is noted with KCl. BaCl, solutions do not clean as well as the correspond- 
ing buffer solution (25) because the Ba*+* ion is adsorbed; a still greater 
decrease in cleaning action is noted with the AlCl; solution because’ of 
cation adsorption. The fact that the alkyl sulfates clean in acid solutions 
can be understood, because the positively charged H ions are displaced by 
surface-active anions (25). These effects are in agreement with the va- 
lences and charges of the ions which are adsorbed by substratum and dirt, 
and with the generalization given (25). The results are also in full agree- 
ment with the effect of salts on the electric mobility and ¢-potential of 
paraffin oil droplets about lu in radius. This latter study was made by 
Powis (66), and the data are given in Table VI. The experimental method 
of Goette (25) is not completely correct, because buffer solutions also 
have a definite influence, as was shown by Lottermoser and Flammer 
(54), whose experiments were conducted in the presence of Igepon T. 
Rhodes and Wynn (75) studied the influence of sodium salts and obtained 
the same results, namely, that the salts increase the cleaning action of 
soaps. The effect of the salt increases with increasing valence of the salt 
anions. 

Powney and Noad (69) have demonstrated the suspending power of 
detergents and salts with cotton fabrics when shaken in a suspension of 
Ilmenite Black, an inert model dirt. Na,CO; and NaOH cause an increase 
in deposition which can be attributed to the sodium ion effect rather than 
to any pH effect. In contrast to this behavior, sodium hexametaphos- 
phate and sodium pyrophosphate have a protective action still appreci- 
able at a concentration as low as 5-10 p.p.m. 

All these experiments show that the interfacial potential and not the 


formation of micelles is to be considered in explaining the detergency 
process. 
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IV. Comptex PHENOMENA wiTH SALTS 


In the presence of sodium alkyl sulfates, the influence of Cat+ in 
the washing liquor is very complicated, and more so in the case with fatty 
acid salts. Above the C.M.C. of the sodium salt in a homologous series of 
alkyl sulfates, the Ca salts which are formed by using hard water are 
very highly soluble in the excess of sodium salt, and below the C.M.C. 
they are less soluble (67). This fact must be kept in mind when proving 
the Ca++ resistance of soaps. Goette (25) established that the detergent 
action of sodium alkyl sulfate in water of 10 German degrees of water 
hardness is better than in water of 0° hardness to a 14-carbon chain 
paraffin. With a longer paraffin chain, increasing hardness decreases 
detergent action because the higher molecular weight calcium salts are 
not soluble enough. Solubility factors thus complicate attempted correla- 
tion of washing and of C.M.C. influence in the presence of CaCl2, which 
decreases C.M.C. irrespective of the length of the carbon chain of the 
detergent. The solubility of ethylbenzene in a 10% solution of potassium 
laurate increases if KCl is added, it increases less when adding an equiva- 
lent amount of K,SO,, and still less with an equivalent amount of K,Fe- 
(CN).. Stearns et al. (82) state that this remarkable effect depends on the 
sizes of the Cl-, SO,-? and Fe(CN).~* ions. 


V. SUMMARY 


1. Solid particles are more difficult to remove than oily and fatty dirts. 
In the case of solid dirts, the smaller the particle size the more difficult is 
the removal of the dirt, whereas, in the case of oily soils, the surface-active 
products cause droplet formation followed by soil removal. 

2. Looking at a homologous series of any soap, with increasing C- 
number the optimum wetting action will be reached earlier than the 
optimum washing action. Branches in the paraffin chain shift both optima 
to a higher C-number. In this case the absolute value for the wetting 
action will be increased. A second hydrophilic group in the detergent 
reduces both wetting action and cleaning action. 

3. The C.M.C. of anionic soaps and electroneutral soaps are 
reviewed because numerous soap properties show a break at or near 
the C.M.C. There is a break in the detergency curve which is in 
agreement with the C.M.C. in those cases where the full detergent power 
is utilized and where the dirt is not of an extremely small particle size. 
Furthermore, of practical interest is the break in the curves of surface 
activity, foam characteristics and solubility of oils and Ca-soaps at the 
C.M.C. 

4, In the presence of electrolytes, C.M.C. and critical washing con- 
centration are not necessarily the same. Of basic importance in under- 
standing the detergent action of soap and washing alkalies are the inter- 
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facial potentials between the soiled surface, the dirt and the aqueous 
solution. The kind and the degree of these potentials are dependent on 
the ions of soap aggregates which are adsorbed preferentially by dirt and 
substratum. The loosening of the dirt from the substratum takes place 
because the detergent, due to its polar construction, goes between the 
dirt and the substratum. Electrostatic forces are the influencing factors 
which cause the loosening of the dirt; this process will be supported by 
mechanical movement. In general, the dirt cannot be removed if cationic 
soaps are used in low concentrations because the surface-active ions 
produce a positive charge on the dirt. But a cleaning effect with cationic 
soaps is possible if their concentration is high enough to give the sub- 
stratum surface a positive charge. 

5. The cleaning activity of neutral or alkaline salts is dependent on 
the charge of their anions. Salts with multivalent cations decrease the 
cleaning action, because the preferentially adsorbed cations give a positive 
charge to the dirt as with cationic soaps. At high salt concentrations, 
agglomeration of the dirt takes place and the pH value also has a very 
important influence on the cleaning action. Therefore, cleaning action 
with salts present is dependent on the amount of salt and the kind and 
degree of charged ion preferentially adsorbed by the dirt and substratum. 

6. The increase in cleaning action with concentration of pure soap 
solutions below the C.M.C. can be explained by the increase in valence 
of the aggregating soap ions before the C.M.C. is reached and the forma- 
tion of micelles takes place. 
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INTRODUCTION 


The adsorption of long-chain electrolytes from aqueous solution onto 
solids of known area, has been the subject of but little experimental in- 
vestigation. Held and Samochwalov (1) measured the adsorption isotherm 
of sodium laurate on barium sulfate; the adsorption of sodium oleate and 
of sodium nonylate upon cinnabar was studied by Held and Khainsky (2). 
Equilibrium concentrations of the long-chain electrolytes for which ad- 
sorption values were determined by these workers extended over a small 
range; the surface areas of the solids were measured microscopically. 
Adsorption at the interface between aqueous solutions of sodium oleate 
and hydrocarbon emulsion droplets of known area was studied by Fischer 
and Harkins (3); the surface area of the droplets was determined micro- 
scopically. The adsorption .of long-chain electrolytes upon proteins or 
upon animal or vegetable fibers involves specific chemical interaction (4) 
and, hence, does not come within the scope of this discussion. 

It is the purpose of this paper to present primarily the adsorption 
isotherms of two long-chain electrolytes upon ash-free graphite of known 
surface area. The surface of this adsorbent is hydrophobic. Some data for 
adsorption of one long-chain electrolyte upon polystyrene are included, 
although the surface area of this solid is by no means accurately known. 
The areas occupied per adsorbed molecule on the surface of the solids have 
been calculated as a function of the equilibrium electrolyte concentration. 
These areas are of value with respect to the soap titration technic for the 
estimation of particle size in polymer latices (5); data for polystyrene 
are included primarily for this reason. 

1 This investigation was carried out under the sponsorship of the Reconstruction 
Finance Corporation, Office of Rubber Reserve, in connection with the Government’s 
is dks de catiad Washington College of Education, Ellensburg, Washington. 
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EXPERIMENTAL 
Materials 


Graphite. The graphite used in this investigation was supplied by Dr. 
Lester L. Winter of the National Carbon Company. According to Dr. 
Winter, the surface of the graphite is free of carbon-oxygen complexes. 
The ash content is less than 0.009%. 

Polystyrene. This material was supplied by Professor G. S. Whitby of 
the University of Akron. It was prepared by emulsion polymerization and 
had been subjected to careful purification. 

Sodium Dodecyl Sulfate. This was part of a lot obtained from the re- 
search laboratories of Procter and Gamble Company. This material was 
extracted with diethyl ether, recrystallized twice from ethanol and dried 
in vacuo. The critical concentration’ of this substance, as determined by 
the dye spectral method (6), was identical with that of a highly purified 
sample of the salt supplied by Professor H. V. Tartar. 

Potassium Myristate. Eastman myristic acid was recrystallized several 
times from ethanol, subjected to low pressure hydrogenation over 
platinum oxide and neutralized with a slight excess of KOH in hot 
ethanol. The soap was recrystallized 3 times from ethanol and dried in 
vacuo. 

Water. Conductivity water was used throughout this investigation. 


Determination of the Areas of the Solids 


The areas of both graphite and polystyrene were determined by means 
of nitrogen adsorption at liquid nitrogen temperatures; these measure- 
ments were made by P. R. Basford. The specific area of the graphite as 
calculated by the equation of Brunauer, Emmett and Teller (BET) (7) 
on the assumption that the area per adsorbed nitrogen molecule is 16.2 A2 
(on = 16.2 A*) is 3.47 m.?/g. The area calculated by the method of 
Harkins and Jura (HJ) (8) is 3.45 m.?/g. The BET and HJ plots for 
graphite are given in Figs. 1 and 2. 

The adsorption isotherm of nitrogen at 77.8°K on polystyrene is 
plotted in Fig. 3. The specific area calculated by the BET method from 
this isotherm is 107.7 m.?/g. (ox = 16.2 A®), while that calculated by the 
HJ method is 94.1 m.?/g. These plots are shown in Figs. 4 and 5. This 
sample of polystyrene is undoubtedly porous. It has also been pointed out 
by Dr. George Jura (9) that some nitrogen may dissolve in the polystyrene 
at liquid nitrogen temperature. The high values of the area per adsorbed 
molecule on polystyrene obtained in the adsorption measurements from 
aqueous solution, as discussed below, may be due to porosity alone or to 
both porosity and errors in the area determination arising from solution 
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Fig. 1. Brunauer, Emmett and Teller plot of nitrogen adsorption 
at 77.2°K on graphite. 


of nitrogen in the solid. It is thus likely that the area value assigned to 
the polystyrene is of little significance. We are thus forced to consider the 
form of the adsorption isotherm obtained on this material rather than 
absolute values of specific adsorption. 
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Fic. 2. Harkins and Jura plot of nitrogen adsorption at 77.2°K on graphite. 
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Fic. 3. The adsorption isotherm of nitrogen at 77.8°K on polystyrene. 
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Fie. 4. Brunauer, Emmett and Teller plot of nitrogen adsorption 
at 77.8°K on polystyrene. 
Determination of the Adsorption Isotherms from Solution 


Solutions employed in this investigation, both for the preparation of 
electrolyte-adsorbent systems and for interferometric reference standards, 
were made up by weight. Both salt and solvent were known to 0.1 mg. 
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The weights used had been calibrated and the proper buoyancy correc- 
tions were applied. 

From 10 to 15 g. of graphite (or 0.5 g. of polystyrene) known to 0.1 
mg. was placed in 100 ml. bottles, the screw caps of which were provided 
with metal foil liners. Approximately 40 g. of the proper electrolyte solu- 
tion was weighed into each of these bottles; the weight of the solution was 
known to 0.1 mg. 


T= 77. 2°K. 
A= 536.9 
D+ 94.1 SQ. METERS/GRAM 


ie} .0005 001 2 01S 002 
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Fie. 5. Harkins and Jura plot of nitrogen adsorption at 77.8°K on polystyrene. 


The sample bottles were shaken vigorously by hand and then rotated 
end-over-end in a bath held to +0.01°C. for 18 hr. An increase in time of 
agitation to 170 hr. was found to have no effect on the results. The sample 
bottles were placed upright in the bath for 2 hr. and much of the solid 
allowed to settle to the bottom. The adsorbent was then removed by 
centrifugation and the solution returned to the bath for 15 min. With 
graphite, a centrifugation time of 5 min. at 5000 g was sufficient; with 
polystyrene 10 min. at 25,000 g failed to remove the last traces of adsor- 
bent from suspension. In all cases reported, and on the basis of visual 
evidence, the graphite was thoroughly dispersed in the electrolyte solu- 
tion. At several low conéentrations of electrolyte, the dispersion was 
obviously incomplete; these experiments were rejected. 

The solutions obtained after removal of the solid were analyzed by 
means of a Haber-Rayleigh-Zeiss interferometer with a light path of 20 
cm. through the solution; these analyses were made at room temperature. 
Each unknown solution was measured against a reference solution of 
approximately the same concentration. The unknown solution was then 
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replaced in turn by at least 3 solutions of known composition in the same 
concentration range as the unknown. The composition of the unknown was 
then read off the calibration plot thus obtained; the reading was always one 
of interpolation and in no instance of extrapolation. 

With sodium dodecyl sulfate the analyses were carried out directly on 
the residual solutions. Due to the marked turbidity of potassium myri- 
state solutions in the neighborhood of the critical.concentration it was 
necessary to dilute quantitatively the residual solutions of this salt until 
clear solutions were obtained. The precision of the myristate measure- 
ments is, therefore, somewhat less than that of the sulfate. 


Calculations 


It is obvious that, in adsorption from solution, both solvent and solute 
are present in the interfacial region. It is possible, however, in the case of 
solutions, to calculate the adsorption of one component only if some 
assumption is made concerning the concentration of the other component 
in the surface. In the case of the graphite systems let us consider the two 
possible extremes. 


(A) The concentration of water at the interface is zero. 

(B) The concentration of water at the interface is equal to the con- 
centration of water on the surface when adsorption takes place from the 
saturated vapor in the absence of other materials; 7.e., the mole fraction 
of the solvent is unity. 


Assumption (A) represents a lower limit that approaches validity as 
the bulk concentration of water approaches zero; assumption (B) rep- 
resents an upper limit as the bulk concentration of electrolyte approaches 
Zero. 

On the basis of assumption (A) the specific adsorption of the long- 
chain electrolyte, z, expressed in g. of salt adsorbed/g, of adsorbent, may 
be calculated from the equation 


WM, 


* = 7000+ Cail (1 — C2) 


jn which W is the weight of solution initially added to the solid; M,, the 
molecular weight of the long-chain electrolyte; Z, the weight of the solid 
adsorbent; and C, and Cz, respectively, the molal concentration of 
electrolyte in solution before and after adsorption. 


On the basis of assumption (B) the specific adsorption is given by the 
equation 


7 WM, SuZZeM»- 10 
* = 71000 + AATBN + E - NeW pie out) | ‘} 


ahah 
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in which 8S, is equal to the number of molecules adsorbed/cm.? from the 
saturated vapor; 2,, the specific surface area of the graphite in m.?/g.; 
M., the molecular weight of water; and N,, Avogadro’s number. The 
value of S,, may be obtained by crude extrapolation of the data of Harkins, 
Jura and Loeser (10) as 5 & 10% molecules/cm.? 

Some values of «, the specific adsorption, for sodium dodecyl sulfate 
on graphite calculated from the experimental observations on the basis of 
assumption (A) and of assumption (B) are given in Table I. 


TABLE I 


The Specific Adsorption of Sodium Dodecyl Sulfate on Graphite as Calculated 
on the Basis of Two Extreme Assumptions Concerning the Concentration of 
Solvent at the Interface 


a, Specific adsorption 


Equilibrium concen- g./g. adsorbent Deviation of z between 
tration of salt assumption (A) and 
(molal) a assumption (B) 
Assumption (A) Assumption (B) 
1.944 1073 .002022 .002024 0.1% 
1.224107 .003206 .003224 0.6% 
4.097 X 10 .002472 .002553 PLES YE, 


Actually assumption (B) should depart increasingly from validity as 
the electrolyte concentration increases. Therefore, since these two assump- 
tions represent extremes, and since the experimental error of the meas- 
urements is on the order of 1-2%, any error introduced into the calcula- 
tion of the adsorption isotherms through lack of information concerning 
the solvent concentration at the interface is within the experimental error 
of the measurements herein reported. This may not be true in the case of 
more concentrated solutions. 


Precision and Reproducibility of Results 


It is possible that the dispersion of the adsorbent may be incomplete 
and variable if the experimental technic described above is employed. If 
such an effect occurs, it should show up in a lack of reproducibility. 
Although it is difficult and not especially desirable to prepare two identical 
samples, two such attempts were made. In one instance, values of x were 
002434 and .002420 at equilibrium concentrations of 6.175 and 6.177 
< 10-* molal; the deviation in x was 0.7%. In the other instance, the 
values of x were .003068 and .003051 at equilibrium concentrations of 
8.603 and 8.598 & 10-* molal; the deviation in x was 0.6%. These two 
results tend to rule out the possibility of error introduced by incomplete 
dispersion of the solid. 
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The maximum error introduced in the analyses of the residual solu- 
tions should be constant in absolute magnitude with respect to concentra- 
tion. This maximum error in the interferometric measurements is on the 
order of +2 X 10-* in molality. This leads to a maximum error in z of 
0.7% in the most concentrated and of 0.8% in the least concentrated 
solutions investigated. Thus, the maximum possible error in the deter- 
mination of specific adsorption values is on the order of 1-2%. 


RESULTS AND DISCUSSION 


The isotherms of sodium dodecyl sulfate at 30°C. and of potassium 
myristate at 35°C. on graphite are plotted in Fig. 6. These isotherms are 
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Fic. 6. Adsorption isotherms of sodium dodecy] sulfate at 30°C. and 
of potassium myristate at 35°C. on graphite. 


similar in overall form. With the sulfate a definite discontinuity in the 
isotherm occurs at the critical concentration for micelle formation (deter- 
mined by the dye method as 6.1 X 10-* molal). It is possible that a much 
less marked discontinuity appears in the myristate isotherm at the critical 
concentration (5.9 X 10-* molal). A maximum in the specific adsorption 
is also apparent in both plots. This maximum occurs at a concentration of 
approximately 1.3 X 10 molal for the sulfate and of 1.0 X 10-? molal 
for the myristate. The isotherms of both the sulfate and myristate at 
concentrations less than the critical concentration are not of the Langmuir 
or Freundlich types and cannot be represented by the equations char- 
acteristic of gaseous or condensed surface films. 

Some measurements were made of the adsorption of dodecylam- 
monium chloride, potassium oleate and potassium laurate upon graphite. 
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No complete isotherms are available, since the supply of graphite was 
exhausted before this experimental work could be completed. With these 
three electrolytes, however, it has been definitely established that the 
adsorption isotherm passes through a maximum. 

The areas per adsorbed molecule (or ion), o, for sodium dodecy] sulfate 
and potassium myristate are plotted as a function of the equilibrium 
concentration in Fig. 7; o is defined as the total surface area of the solid 
divided by the number of adsorbed molecules. Values of o for sodium 
dodecyl sulfate on polystyrene are included in this plot, although they 
are of little absolute significance. In the relative sense, however, the 
graphite and polystyrene results are similar in that, in both instances, 
o goes through a minimum. 
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Fic. 7. Areas occupied per adsorbed molecule (or ion) for sodium dodecyl sulfate and 
potassium myristate on graphite, and of sodium dodecyl sulfate on polystyrene. 


With graphite and sodium dodecyl sulfate, o is 68.3 A? at the critical 
concentration and 51.0 A? at the minimum; with potassium myristate o 
is 56.0 A? at the critical concentration and 36.6 A? at the minimum. For 
potassium laurate the value of o at the critical concentration is on the 
order of 45 A?; this is somewhat higher than that of the myristate. 

The values of o for adsorption from aqueous solution on the graphite 
surface are considerably greater than those observed for compressed films 
of fatty acids on an aqueous subphase. This increase in area per adsorbed 
molecule can possibly be attributed to the existence of repulsive forces 
between the ionic head-groups of the adsorbed long-chain ions. 

It has been shown, on theoretical grounds (11), that the activity of 
long-chain ions should go through a maximum with respect to overall 
concentration of the electrolyte if the equilibrium between the single 
ions, counterions and aggregate is governed by a simple form of the mass 
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action principle. It is impossible to determine experimentally the activity 
of a single ion. Measurements of the mean ion activity in solutions of 
dodecyl sulfonic acid (12), however, lend some support to the theoretical 
arguments. If it be assumed that only single ions are adsorbed at the 
solid-solution interface, the maximum in the isotherm can be attributed 
to a maximum in the activity of the adsorbed ion. 

The reason for the discontinuity in the sodium dodecyl sulfate iso- 
therm at the critical concentration for micelle formation is unknown. 
This discontinuity may be in some way related to the discontinuity in 
the rate of change of surface tension with time at the critical concentration 
(13). This may indicate that the nature of the adsorption process is 
altered in the presence of micelles. 


SUMMARY 


The adsorption isotherms of sodium dodecyl sulfate and potassium 
myristate on ash-free graphite of known area have been determined at 
30°C. and 35°C., respectively. The experimental methods are discussed in 
some detail. Calculations, based on two extreme assumptions concerning 
the concentration of solvent in the surface region, yield values of the 
specific adsorption which differ by less than the experimental errors of the 
observations. The isotherm of sodium dodecyl sulfate exhibits a dis- 
continuity at the critical concentration for micelle formation; it is possi- 
ble that a similar discontinuity occurs in the myristate isotherm. Both 
isotherms pass through a maximum at equilibrium concentrations above 
the critical concentration. 

The adsorption of sodium dodecyl sulfate on polystyrene has been 
measured over a short concentration range; the specific area of this solid 
is not known with any degree of precision. This isotherm also exhibits a 
maximum at approximately the same equilibrium concentration at which 
a maximum in the isotherm of the same salt on graphite occurs. 

The areas per adsorbed molecule have been calculated for sodium 
dodecyl sulfate and potassium myristate on graphite as a function of the 
equilibrium concentration of electrolyte. The minimum area per molecule 
is 51.0 A? for the sulfate and 36.6 A? for the myristate. 
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INTRODUCTION 


Following up work by Schulman and McRoberts (1), Schulman and 
Riley (2) carried out an X-ray investigation of the transparent homo- 
geneous liquid systems which can be obtained by mixing a nonpolar oil 
and an aqueous solution of a soap, in the presence of a long chain alcohol. 
By changing the components, either conducting (water-continuous) or 
nonconducting (oil-continuous) systems could be prepared. It was postu- 
lated that the dispersed phase was present in spherical water or oil 
droplets stabilized by an interfacial mixed monolayer of the soap and 
alcohol molecules. The droplets were supposed to be arranged in uniform 
close-packing, as the oil-water ratio was about unity in the cases investi- 
gated. On the basis of this model, the diameters and intermicellar dis- 
tances could be calculated. X-ray long-spacing bands were, in fact, ob- 
served in all cases, corresponding to repeat distances which, on the whole, 
agreed well with the predicted values. X-ray diffraction bands were 
investigated over the range 90-600 A. 

In an attempt to obtain an independent confirmation of the model 
suggested, the systems were studied using a light-scattering technique 
based upon those recently developed for the study of high-polymer solu- 
tions. It was, however, more convenient to treat the experimental data 
from the standpoint of the equations developed by Rayleigh (3) rather 
than those due to Debye (4) based on Einstein’s fluctuation theory and 
commonly used for the determination of molecular weights. Rayleigh’s 
equation is, for the case of unpolarized incident light (see Stiles (5) and 
La Mer and Sinclair (6)): 


; Se 
i> on (25) + cos? )NV?, (1) 
where 7% = intensity of light scattered at angle 0 to primary beam. 
I, = intensity of incident light of wavelength (in the solution) A. 
r = distance of the observer from the source of scattered light. 
6 = angle between the incident and scattered beams (measured 
backwards). 
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m = refractive index of scattering unit w.r.t. solvent. 
N = no. of scattering units/cc. 
V = volume of scattering unit. 


Since NV was known (being the volume of the dispersed phase) it was 
possible to find V directly. The volume of the interfacial monolayer 
was included in calculating NV, and hence the volume V will be that of 
the whole micelle including this monolayer, which is about 25 A thick. 

It is obvious that, in systems such as those described by Schulman 
and Riley, in which the intermicellar distances were generally of the 
order of 20 A, or one-tenth of the micelle diameter, the conditions neces- 
sary for the validity of the Rayleigh equation are not satisfied. This 
equation was derived for gases, in which the scattering by one molecule 
is independent of any other molecules. The case of dilute solutions is 
similar, but clearly, at high concentrations, there will be considerable 
interference between adjacent molecules resulting in a diminished in- 
tensity of scattered light; an effect which will be much more noticeable 
in the present case. Alternatively, if we adopt the terminology of the 
Einstein-Smoluchowski fluctuation theory (7, 8), in which scattering is 
regarded as due to local discontinuities in the solvent medium due to the 
presence of solute molecules, we can say that, because of the high degree 
of ordering in the liquid lattice, there can only be very small fluctuations. 
Hence, the scattering will be less than would be expected if the micelles 
could move independently of each other. In other words, if the Rayleigh 
equation is used to calculate the micelle diameters, the calculated values 
will all be too small. Further, if the systems are diluted by increasing 
the ratio of continuous to dispersed phase, we shall expect that the calcu- 
lated diameter will increase, and finally the theoretical diameter should 
be obtained when the micelles are able to move freely. These expectations 
were, in fact, realized, and the limiting values for the micelle diameters 
in all the cases investigated agreed very well with those calculated from 
theory. 

It is shown, therefore, that the X-ray diffraction bands give the mean 
distance between the centers of neighboring micelles and that the light 
scattering intensities give the diameter of the micelle. 


EXPERIMENTAL 


The light-scattering apparatus used was of the simplest. A beam of 
light from a Mazda ‘“‘Mercra” 80 watt mercury lamp controlled to con- 
stant voltage, was rendered parallel by a suitable lens system, and passed 
through a Wratten No. 50 filter to isolate the 4358 A line. The solution 
under examination was contained in a glass cell, 1.3 cm. X 1.3 em. X 10 
cm., and the intensity of the scattered light was measured by means of 
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an R.C.A. 931-A photomultiplier, specially chosen for sensitivity from 
a large selection, fixed to an arm which could be rotated to take readings 
at any desired angle of observation. In this work only light scattered at 
90° to the incident beam was measured. The cell and photomultiplier 
were enclosed in a light-tight box to eliminate stray light. The power 
source for the dynodes consisted of 90 v. dry batteries, which proved 
quite satisfactory for the purpose. Fatigue of the photo-cell was not 
troublesome, as it was not operated for more than a few minutes at a time, 
and the photo-currents encountered were usually below 20ua. 

Since the intensity of the direct beam of light from the lamp was 
10*-10° times that of the scattered light, it was necessary to reduce it 
in order to measure it without damaging the photo-cell. This was done 
by inserting a filter combination consisting of two dark blue and two 
neutral filters (Hilger glass filters H.508). The transmission of these 
filters was measured by two methods, as follows: 

(a) the transmission was determined using a Spekker absorptiometer, 
and added: mean value 0.0066, 

(b) the intensity of the transmitted light with the filters in position 
was compared with that of the incident beam without filters but reflected 
at 90° to its direction by means of a prism. From the optical constants of 
the prism and Fresnel’s equations, it was found that the reflexion coeffi- 
cient at 45° incidence was 0.051. Using this figure, the transmission coeffi- 
cient of the filter combination was found to be 0.0063. A mean value of 
0.00645 was used. 

As a check on the direct method of determining 2/J., a solution of 
polystyrene of known turbidity was used as a standard of comparison. 
This enabled the turbidity (7) of any other solution to be determined, 
and hence 7/J, could be found from the relation, implicit in Rayleigh’s 


formulae for 7 and 7/To, 
Sea 
Sak Iai Fo} 


where 7 is now the value of 7 at 6 = 90°. Results obtained by the two 
methods agreed satisfactorily within the limits of experimental uncer- 
tainty, namely +5%. 

Experiments were also carried out using light polarized with its 
electric vector perpendicular to the plane of the primary and secondary 
beams. Using the formula valid for this case, 


ts eens 1 


2 
) sin? @-NV?, (2) 


Ir m? + 2 


results were obtained which agreed very well with those obtained using 
unpolarized light, e.g., 
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Specimen A 18 A 13 9 A 22 


Polarized light t/To 1.83 X10 2.1410 2.50 X10- 1.2010 
Unpolarized light 4/Io 0.93 X10 1.16 X10 1.22x10% 0.62 x10 


Some depolarization of the light scattered at 90° was observed, eat no 
correction for this was applied in the present work. 

The liquids used in the preparation of the mixtures examined were 
all purified by distillation. Foreign particles, usually such a trouble in 
light-scattering measurements, were not present in any noticeable quan- 
tities, and their effect was, in any case, minimized, as all measurements 
of the intensity of scattered light were made at 90° to the primary beam. 

The refractive indices of the liquids concerned were measured on an 
Abbé refractometer, which gave results sufficiently accurate for the pres- 
ent purpose. It was assumed that the refractive index of a micelle was the 
same as that of a mixture of all its components in the proportions in which 
they were present in the micelle. It was found experimentally that this 
was almost exactly that calculated, assuming that the refractive indices 
of the components could be added to give the refractive index of the 
mixture; and this was used to calculate the refractive index of a mixture 
which was too opaque for accurate measurement in the refractometer. 
The results tabulated below are typical. 


System n(calc.) n (obs.) 


1.0 ce. oleic acid 1.3657 1.3660 
5.0 ce. 0.316 N KOH 
0.4 cc. p-methyleyclohexanol 


1.5 ce. oleic acid 1.3774 1.3780 
5.0 cc. 0.474 N KOH 


0.6 cc. p-methyleyclohexanol 


The mixtures were prepared as previously described (1, 2) by adding 
an alcohol slowly (it is essential to add the alcohol very slowly in the 
initial stages), to a mixture of oil and aqueous soap solution, stirring 
vigorously all the time. A complete study was made of the system 
water-potassium oleate-benzene-p-methylcyclohexanol, and the results 
obtained are described in ‘this paper. 

To study the effect of dilution upon the apparent diameter of the 
micelles, the volume of benzene added was varied, all other quantities 
being kept constant, thus keeping the size of the micelles constant in a 
given series. Systems containing 0.75, 1.00, 1.50, 2.00, and 3.16 ce. oleic 
acid neutralized with the correct quantity of KOH dissolved in 5.0 cc. 
water, were studied. The volume of benzene was varied from 5.0 ec. to 
30.0 cc. where possible. The total volume of the micellar phase was calcu- 
lated from the known quantities taken. There was always some excess 
p-methyleyclohexanol present, which dissolved in the benzene and in- 


STRUCTURE OF OIL-WATER DISPERSE SYSTEMS. II 501 


creased the volume of the continuous phase. In most cases, several times 
the theoretical volume of alcohol was necessary to obtain a fluid trans- 
parent solution, and the quantity required was usually not the same for 
any two systems containing the same volume of oleic acid and other 
ingredients, a phenomenon which appears in the earlier work (see, for 
example, Schulman and Riley’s (2) Table I, specimens 9, 10, 17, 18, 
and 20, 21). Our experimental results are tabulated below: 


TABLE I 
Vol. of Speci ° K 
Blac ad gate NV g ey) log frie Sap 
0.75 ce. A 48 0.442 1.53 80 1.90 330 
A 50 0.301 2.82 108 2.04 (Calc., 363) 
A 49 0.202 4.80 143 2.16 
A 51 0.183 5.41 168 2.23 
1.00 ce. A 33 0.420 Hs 62 1.79 283 
A 39 0.246 3.92 115 2.06 (Cale., 280) 
A 32 0.142 Ce hCl 173 2.24 
1.50 ce. A 35 0.520 1.31 32 1.51 210 
A 36 0.358 2.55 58 1.76 (Cale., 201) 
A 37 0.232 4.71 90 1.95 
A 31 0.192 5.97 112 2.05 
A 38 0.167 7.10 114 2.06 
2.00 cc. A 40 0.569 1.18 3l 1.49 165 
A 4l 0.409 2.25 44 1.65 (Cale., 164) 
A 42 0.259 4.46 72 1.86 
A 48 0.190 6.65 93 97 
3.16 ce. A 45 0.564 1.48 29 1.46 107 
A 46 0.433 2.47 31 1.49 (Calc., 120) 
A 47 0.291 4.60 47 1.67 
A 44 0.214 6.92 57 1.76 


eat. 


NV represents the total volume of micellar phase per cc. of solution, 
i.e., it is the volume concentration of micelles in the solution. However, 
the densities of all the micelles can be taken as 1.00, so that NV is equal 
to the concentration of micellas in g./cc. of solution. d is the diameter 
calculated from the Rayleigh formula. d. is the limiting diameter as 
determined from Fig. 1. 

It should be noted that the phase ratio g of Schulman and Riley was 
calculated neglecting the volume of the interfacial monolayer which 
forms the surface of a micelle. When allowance is made for this, it is 
easy to construct curves similar to those of their Fig. 5, showing the gap 
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between spheres of a given diameter at different phase ratios. From such 
a diagram it can be seen that for diameters of 100, 200 and 400 A, the 
gaps at g = 5.0 are 10, 64 and 185 A, respectively. Hence, there will still 
be interference in the light scattered from these solutions, and much 
higher phase ratios would be necessary to eliminate this effect. It has not 
proved possible to achieve this. The highest value of g used (from Table I) 
was 7.77 in specimen A 32. From Schulman and Riley’s formula (10) it is 
calculated that the intermicellar gap for a diameter of 280 A would be 
160 A, so that, even under the best conditions obtained, the spheres are 
still quite closely packed. Systems more dilute than those described 


have not been prepared for this system. 


Benzene Systems ( %) 
Log D vs.NV (conc. in gms per cc) 
A 16cec. oleic acid 
e@ 200- = ° 
© 150~ = 
@ 1-00- id 
VY o75- : = 
N=No, of dropiets (of volumeV)per cc 
| Points experimental from i/I, 


A 


LOG OVERALL DIAMETER WATER DROPLETS IN 


It was clear from the experimental results that some form of extrapola- 
tion to infinite dilution was necessary to obtain the true diameter of the 
micelles. That the data should be represented by a graph of log d against 
concentration (z.e., NV) was suggested by the following consideration: 

We have from Rayleigh’s formula, for micelles of a given size 
- = K-NV?; and va = K-NV2, 
where 7, 7, are the apparent and true values of the scattered intensity at 
90°, and V, V, are the apparent and real micellar volumes. Now it is 
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reasonable to assume that 7 and 7, are related by an exponential formula; 
1.e., we write, following Rayleigh (9), 

Cem re BN 
since the loss in intensity of 7 may be regarded as due to secondary 
scattering effects; in the case of independent particles we should, of 
CETURTE GUL NGS Fe ie 7 ROMERO a JEREEEL NS 
vin eae ere / is the distance travelled by 


the scattered light through the solution. (However, in this case there 
would, of course, be no secondary scattering.) We then have 


KNV? = KNV2-6-#8Y2, 


course, have wp = 


or 
log (KNV?) ='log (KNV2) — 2.304 NV2, 


which may be written 


log d = logd, — A-V.(NV.), 
= log d, — B(NV.), 


where A and B are constants and d, is the true diameter of the spheres. 

The graphs in Fig. 1 were plotted assuming this relationship, and it is 
clear that it represents the experimental facts well. The values of d, in 
Table I were obtained from this graph, and with the values of the slope 
B, similarly obtained, were used to construct the curves in Fig. 2, which 
show how the original experimental data fit an exponential formula. The 
irregularities in the region of high concentration (0.40.6 g./cc.) are only 
to be expected, as there the systems are ‘‘squashed,” 7.¢., display negative 
spacings [see Table II of ref. (2) ]. However, the values of d, agree 
extremely well with the calculated diameters, and it seems clear that the 
model suggested for these systems is the correct one. Absorption of the 
4358 A light was significant in the most concentrated systems, and spec- 
trophotometric measurements indicated that the values of d for the 
spheres should be increased by about 3%. This has not been done in the 
Table, as little meaning can be attached to exact values under these 
conditions. 

A measurement was made on specimen A 51, using a yellow filter 
isolating the lines of \ 5770 A and \ 5790 A; and an apparent diameter 
of 212 A was found, compared with 168 A when light \ 4358 A was used. 
It is probable that this is due to the large size of the spheres, which are 
approaching the limit of \/15, above which intramicellar effects would 
be expected to cause a diminution in the observed intensity of the 
scattered light. (See Rayleigh’s law.) ! ear 

Two specimens were examined which contained caesium iodide in the 
aqueous phase. One (A 52) contained 2.00 ce. oleic acid and 20.0 ce. 
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benzene with the intramicellar phase, 0.45 M with respect to CsI. The 
other (A 53) contained 1.50 cc. oleic acid and 30.0 cc. benzene, and the 
micelles were 0.81 M with respect to CsI. The experimental diameters 
were 80 A and 148 A, respectively, whereas those for specimens of the 
same composition, but having no CsI in the aqueous phase are, from 
Fig. 2, 70 A and 110 A, approximately. It seems, therefore, that the 
presence of salts causes an increase in the area occupied by the potassium 
oleate molecules in the interfacial layer. 


Benzene systems (“%) 
DvsNV{cone in pel 


& 3-46cc oleic acid 


e@ 200- - 
© 150- 
e@ 100- “ 
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N=No. of droplets (of 


saun volume V)per cc 
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A corresponding study of the nujol-in-water systems described by 
Schulman and Riley is made difficult by the two following considerations: 


(1) Any excess p-methylcyclohexanol will remain in the interior of 
the micelles, and will, therefore, swell them by different amounts for each 
member of a series having the same volume of intramicellar phase. 

(2) Since there is an equilibrium between potassium oleate in the 
micelles and in the aqueous phase, dilution of the systems by simply 
increasing the volume of water taken will cause soap molecules to leave 
the interfaces. This will mean a change in the size of the droplets, which 


will become progressively larger for a given quantity of soap, as the phase 
ratio is increased. 
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Both these factors mean that the dispersed micelles change their 
character in a manner which does not occur with the oil-continuous 
systems on dilution. 


An attempt was made to prepare a water-continuous series containing 
2.00 cc. oleic acid in the micelles, using a dilute solution of potassium 
oleate as continuous phase. The concentration adopted for this solution 
was 1%, the amount: of oleic acid assumed by Schulman and Riley to be 
present in the bulk aqueous phase. The first homogeneous phase to be 
obtained with specimens containing 5 cc. and 10 cc. aqueous phase was 
a transparent, birefringent gel. On adding more p-methylcyclohexanol, 
the gel broke into two liquid layers, and, with still more alcohol, redis- 
persed giving a clear conducting liquid system, non-birefringent and 
resembling, except for a somewhat higher viscosity, those obtained in the 
first part of this work. The phase ratios, however (calculated from the 
formula given by Schulman and Riley) were 0.67 and 1.03, and it is 
clear that the systems were too tightly packed for the light-scattering to 
be of any significance. 

On the other hand, when the aqueous phase had a volume of 20 cc., 
a homogeneous liquid system formed first with about 3 cc. p-methyl- 
cyclohexanol (intermediate between the 3.0 and 5.5 cc. required in the 
cases mentioned above). However, the system was a good deal more 
viscous than the liquid systems prepared with much less water present. 
This, coupled with the small amount of p-methylcyclohexanol required, 
seemed to indicate that what had been obtained was really analogous to 
the gel phase of the 5 cc. and 10 cc. systems, rather than to their liquid 
phases. However, it proved impossible to obtain this second stage by 
adding more p-methylcyclohexanol, as the only result was to cause a 
turbidity in the viscous system, which finally broke up. 

Incidentally, it seems, from experiments carried out, that the volume 
of alcohol necessary to form a gel does not vary from member to member 
of a series to the same extent as the volume required for a liquid system. 


DIScUSSION OF RESULTS 


It can be seen from the investigation of the structure of the oil-water 
disperse system, by (1) surface physicochemical methods, giving informa- 
tion as to the extent of the interfacial area, the structure of the interface, 
and phase continuity, by (2) the X-ray method, giving the dimension 
of the distance between the centers of neighboring aggregates, and by the 
light scattering method, giving the diameter of the aggregate, that these 
systems are composed of spherical micelles of either water droplets in 
oil-continuous media or oil droplets in water-continuous media, which 
are surrounded by a mixed monolayer of the soap molecule and amphi- 
pathic dispersing molecule. The overlapping results from these investiga- 
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tions give one not only information on the structure of these systems, 
but confirmation of the validity of the various laws that one is applying. 


a. Rayleigh’s Law 


It can be seen from the light-scattering data in Table I that the sizes 
of the aggregates at infinite dilution agree with Rayleigh’s formula, 
except when the ratio of the dimension of the aggregate to the wave 
length is greater than 1/15, when the law no longer holds. It is known 
further that, for large particles, if the aggregates are not spherical, the 
relationship between the intensity of the scattered light at 90° is no 
longer dependent on the fourth power of the wavelength, but on the 
second power. A correction factor for the dissymmetry of scattering of the 
large aggregate as described by Debye (4) enables the fourth power law 


to be applied. 
b. Smoluchowski-Einstein Theory 


In a dilution series, as seen in Fig. 3, of the droplets of constant diam- 
eter, it is evident that there is very little light-scattering from the con- 
centrated aggregate systems, which upon dilution give strong light- 


Fie. 3. Concentration series diameter size 280 A, showing diminution of light-scattering 
on increasing concentration of water droplets in benzene. 


scattering. The intensity of this scattering in the dilute systems is, of 
course, related to the size of the aggregate in relation to the wavelength 
of the incident light. Fig. 3 gives the dilution effect on the light scatter- 
ing, the intensity of which increases on dilution. The tubes refer to points 
on the 1 ce. oleic acid curve in Fig. 2. It is assumed that, in the con- 
centrated systems, no concentration fluctuations can occur sufficient to 
produce much light scattering (11). 


(c) Effect of Increasing the Wavelength of the Incident Light 


In Fig. 4 is shown the increase in light-scattering due to the increasing 
diameter of the spherical droplets at approximately the same concentra- 


STRUCTURE OF OIL-WATER DISPERSE SYSTEMS. II 507 


tion throughout (see Table I). It is interesting that the light-scattering 
is radically reduced if the tubes are viewed with a red lamp, no pronounced 
light-scattering being visible in the above series under these conditions, 
as expected from Rayleigh’s law with the long wavelengths. 


d. Comparisons between Light Scattering and X-Ray 
Diffraction Measurements 


It can be seen in comparing the X-ray with the light-scattering 
results for the diameters of the aggregates with decreasing quantity of 
soap-alcohol complex, that the corrected Bragg X-ray figures for large 
diameters are greater than those calculated from surface chemical data, 
whereas the light scattering results follow very closely the calculated 
values. All three values are in close agreement for diameters less than 
300 A. 


Fig. 4. Shows increase of light-scattering as diameter of water droplets increase. 
All tubes contain a dilute concentration of water droplets in benzene. 
(Left to right A51 A382 A31 A43 A44) 


The uncorrected Bragg X-ray figures for the large diameters seem to 
fit the surface chemical and light-scattering results much better. It was 
suggested by Schulman and Riley that the 1.23 liquid correction factor 
need not remain constant for varying particle diameter. There seems to 
be evidence in comparing the values for the diameters of the micelles by 
the three different methods, that the 1.23 factor might be approaching 
unity with increasing diameter of particle. 


e. Viscosity Changes in the Water-Continuous Systems 


Recently, Winsor (10) has described the preparation of various oil- 
water disperse systems, but does not seem to be in agreement that the 
systems are composed of spherical oil or water droplets surrounded by a 
mixed monolayer of the soap and alcohol molecules for the water- or 
oil-continuous systems. The structures of those systems giving anomalous 
electrical conductivity, with a streaming birefringence and high vis- 
cosity, has still to be worked out, and are almost certainly composed of 
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lamellar or cylindrical shaped aggregates. In the preparation of the 
water-continuous systems as described here, a transparent birefringent 
highly viscous phase could be detected as already described by Winsor. 
This reverts to a thin non-birefringent system on further titration with 
the alcohol, and it is interesting that, if these systems are made dilute 
with water, which is the continuous phase, they become very viscous 
again. 

It could be supposed that, since these preparations contain a high 
concentration of soap, the location of the soap molecules is important for 
the overall viscosity. If the soap molecules are in the interface of the 
spherical aggregates, the system will be of low viscosity, but, if some of 
the soap passed into the bulk phase, which would occur on dilution for 
the water-continuous systems, the overall viscosity would markedly in- 
crease. This, of course, would not take place on dilution of the water 
droplets in an oil-continuous medium, and this is confirmed experi- 
mentally. 


f. Comparison with the Light-Scattering Work on Polymer Solutions 


Previous work on the determination of size and shape of polymers by 
the light-scattering method has given good agreement between the mo- 
lecular weights determined by this method and other standard methods 
(osmotic pressure, ultracentrifuge, and X-ray), using the Debye formula- 
tion of the Smoluchowski-Einstein concept. Schulz’s work (3c), using the 
Rayleigh formula for polystyrene solutions, gives very poor agreement 
between the determined and osmotic pressure molecular weights. Poly- 
mers of molecular weights up to 600,000 were tried. In this work with 
spherical water droplets, good agreement was obtained with X-ray deter- 
minations and surface chemistry up to an apparent molecular weight for 
the 360 A diameter droplets of nearly 30,000,000. Schulz’s paper only 
became available after this work was completed. Staudinger’s work (3b) 
on this subject, which is not yet available, found good agreement in the 
case of glycogen solutions using the Rayleigh formula, as compared with 
osmotic measurements. 
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SUMMARY 


A light-scattering investigation was carried out on the oil-water 
disperse systems to augment the information on their structure as found 
by X-ray and surface chemical methods. 
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It was found that the concept that the transparent non-birefringent 
oil-continuous oil-water disperse system consisted of water droplets of 
uniform size and packing surrounded by a mixed monolayer of soap and 
long chain alcohol molecules, was in agreement with the light-scattering 
results. 


Using Rayleigh’s formula, dimensions were obtained for the diameters 
of the droplets over the range 100-400 A agreeing with those calculated 
by surface chemical methods. 
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INTRODUCTION 


In a recent discussion (1) of experimental observations on the flow of 
solutions of polymethyl methacrylate through straight tubes at large 
Reynolds numbers, I adduced evidence of anomalous behavior near the 
tube wall when the mainstream had ceased to be laminar. The present 
paper is concerned with results which were obtained at the same time, 
and with the same liquids, but which refer mainly to laminar flow. These 
data are interesting for two reasons: they indicate that there is a ‘wall 
effect’”’ in laminar flow of linear polymer solutions, and they serve also to 
establish concordance between two methods (one of them new) of de- 
tecting a flow anomaly of this kind (2,3). In addition, a critical Reynolds 
number for the breakdown of laminar flow in linear polymer solutions 
has been determined. 


Notation 
a = radius of bore of flow tube (cm.). 
C = polymer concentration (g./l., of solution). 
1 = length of flow tube (cm.). 
p = measured pressure head (dynes/cm.’). 
—dp/dz = pressure gradient along axis of flow tube (dynes/cm..*). 
Q = Volume rate of flow (cm.?/sec.). 
R = Reynolds Number = 2apU,n@ (dimensionless). 
Ro, Ri = Values of R corresponding with ¢o and ¢, respectively. 
Um = Q/ra? = mean linear rate of flow along axis of tube 
(cm. /sec.). 
Wa = t&(r) = effective velocity of slip (cm./sec.). 
n = coefficient of viscosity, defined as the ratio of shear stress 


to velocity gradient in material remote from boundaries 


(poise). 
no, m1 = limiting values of at very small and very large rates of 
strain, respectively. 
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Nap = (Gisolution/ Neolvent = 1). Me? 
[n] = intrinsic viscosity of polymer, defined as Limit (nsp/C), 
Cc 


where c is expressed as grams of polymer per 100 ml. of 
solution. 
¢ = an effective slip coefficient at the tube wall, a function of r. 
fo, (1 = limiting values of ¢ at low and high stresses, respectively. 
p = density (g./cm.?). 
a = slope of asymptote to (Um, r) curve. 
oo = intercept on c-axis of (c, a) curve. 


7 = ha ( a = shear stress at tube wall (dynes/cm.’). 


o= ae ee ( — 2) = apparent fluidity as defined by Poi- 
n at dz 
seuille’s formula. 
¢o, $1 = limiting values of ¢ corresponding with no, 71. 
EXPERIMENTAL 
Materials 


The polymethyl methacrylate was a commercial specimen which had 
been ground to a powder. The intrinsic viscosity [7], determined in 
monochlorobenzene solution at 25°C., was found to be 3.90. The chain- 
length distribution of the polymer was unknown. 

The solvent used throughout was redistilled monochlorobenzene hav- 
ing pes = 1.09950 g./em.? and 725 = 7.56 X 10-3 poise. 

Polymer solutions were gently mixed at room temperature, solutions 
of smaller concentration being obtained by progressive dilution of a stock 
containing 30 g. polymer/I. 


Apparatus and Methods 


Flow Tubes. Four straight metal tubes of uniform bore and circular 
cross-section were used. Their ends had been cut off square by means of 
a lathe. 


TABLE I 


Dimensions of Metal Flow Tubes 


Tube no. Composition a U Wall thickness 
cm. 
Al Brass 0.202 + 0.0016 12.5 0.053 
“A AQ Brass 0.202 + 0.0016 25.0 0.053 
A3 Brass 0.202 + 0.0016 50.0 0.053 
B Duralumin 0.064; 50.0 0.094 


= i 2 eee 
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Experiments on Flow at Large Reynolds Numbers. The flow tube (Al, 
A2, A3, or B) was fitted with 2 rubber bungs (one being pushed on from 
each end) and these were inserted: into the base-holes of two straight- 
sided aspirator bottles of conventional pattern (capacity 2000 ml.). In 
this way, there was assembled an apparatus comprising two upright 
cylindrical glass jars connected, near their bases, by a horizontal straight 
tube, one end of which projected a short distance into the body of each 
reservoir. It was arranged that this apparatus could be immersed in water 
kept at 25°C. (0.19). 

Two horizontal lines were scratched on the outside of one reservoir: 
these indicated a difference in level corresponding to 1000 ml. of water 
at 25°C. The positions of these marks were such that the liquid surface 
stood midway between them when the assembled apparatus contained 
2000 ml. of liquid and the air pressure was the same in both reservoirs. 

This apparatus was joined in a pneumatic circuit designed so that the 
air pressure above the liquid surface in one reservoir of the flow apparatus 
could be varied independently of that in the other. Thus, with one reser- 
voir open to the atmosphere and the other connected with a partially 
evacuated vessel of 200 1. capacity, liquid could be made to pass at con- 
stant speed, through the flow tube, from one bottle to the other; and the 
flow could quickly be stopped, or its direction reversed, by appropriate 
manipulation of two 3-way taps. The pressure head causing flow was 
shown on a mercury manometer; the rate of flow Q was found by measur- 
ing the time required for the liquid level to fall from the upper to the 
lower scratch-mark on the graduated reservoir. 

By this method the rates of flow corresponding to a number (usually 
about 35) of pressure heads between 10 and 500 mm. Hg could rapidly be 
determined. The scatter amongst measurements was satisfactorily small, 
and smooth curves were drawn through the plotted points giving the 
relation between Q and pressure head for the passage of each liquid 
through the 4 tubes. Average values of p, corresponding to selected values 
of Q, were read off from these curves and were the data from which proper 
pressure gradient/rate of flow relations were subsequently derived. 

Experiments on Flow at Small Reynolds Numbers. In the case of tube B, 
which was comparatively long and of narrow bore, the volume rate of 
flow did not exceed 5 cm.?/sec., even when the greatest possible pressure 
head (500 mm. Hg) was used. It was, therefore, practicable to make 
reliable experiments with tube B at quite small rates of flow using the 
apparatus described above. This could not be done with tube A, or at any 
rate with the shorter lengths of it (Al, A2) and so another flow apparatus 
was made: this was modeled on the pattern first described by Erk (4), 
and contained the flow tubes Al (J = 12.5) and A3 (J = 50). These tubes 
were connected together in series, and the form of the apparatus made it 
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possible to measure the fall in (hydrostatic) pressure between the ends 
of each tube when liquid passed through the assembly with a range of 
small, constant speeds. Rates of flow were determined by measuring the 
time required to discharge a known volume from an exit tube. The ap- 
paratus was immersed in water kept at 25°C. (+0.1°), and yielded repro- 
ducible results which were consistent with those obtained for tube A 
with the other flow apparatus. 

Experimental Determination of the Nature of the Flow Régime. For a 
Newtonian liquid, the familiar Reynolds number serves to define condi- 
tions favorable to the persistence of either laminar or turbulent flow dur- 
ing passage of the liquid through a tube. In the case of a non-Newtonian 
liquid, however, for which the viscosity is a function of the rate of shear, 
it is not immediately obvious how a Reynolds number should be com- 
puted. It is, however, reasonable to assume that only those limiting values 
of the viscosity which are defined as 70 and 7 could be considered in this 
connection. To determine which of these 2 parameters was the more 
suitable, it was decided to use an adaptation of that elegant method for 
determining the nature of the flow régime in a pipe which was first used 
by Osborne Reynolds (5). 


RESULTS AND DiIscuUSSION 
Determination of the Pressure Gradient/Rate of Flow Relations 


From Observations Made with Tube A. As explained, the experimental 
results were reduced, for each of the liquids examined, to a set of smoothed 
values of p and Q. There were thus available, for each liquid, 3 values 
representing the pressure heads required to maintain a specified rate of 
flow in each of the 3 pieces of tube A. When it had been confirmed (by 
combining the results obtained from the 3 lengths of tube) that uniform 
flow conditions had been reached, corresponding values of Q and —dp/dz 
were readily derived. That is to say, appropriate correction was made for 
the reduction, or loss, of pressure head effective in causing flow which 
arises from the acquisition of kinetic energy by the flowing liquid and 
through that local dissipation of energy which occurs where a liquid enters 
a tube from a reservoir (‘‘Couette effect”). It is of interest that, for all 
the liquids examined and over the whole range of observed values of Q, 
the total loss of head attributable to the causes mentioned was found 
to be very nearly equal to pU,,2. 

It may be noted here that all the measurements made with tube A2 
were repeated in each of 3 straight tubes having the same linear dimen- 
sions as A2 but differing from it in regard to the shape of the entrance end. 
Apart from the expected observation that a bellmouth reduced the total 
pressure head required to maintain a given rate of flow, the results ob- 
tained differed in no essential feature from those secured with Tube A2. 
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From Observations Made with Tube B. Since only one length of tube B 
had been used in the experiments, it was necessary, in making the analysis 
of the smoothed data (p, Q values), to adopt a slightly different procedure. 
It seemed reasonable to suppose that the magnitude of the overall allow- 
ance to be made for end effects and the kinetic energy correction should 
be the same as that which had been found for tube A. Each observed 
value of p, the pressure head, was, therefore, reduced by an amount equal 
to pU,,” and the remainder was regarded as the pressure head effective in 
causing the observed flow through tube B. 


Treatment of the Pressure Gradient/Rate of Flow Data 

By the Method of Schofield and Blair (2). For each liquid, Q/7a? was 
plotted against 7 and the slope o of this curve was estimated in the region 
just before the breakdown of laminar flow. Two values of c, corresponding 
to tubes A and B, were, of course, obtained for each liquid. These were 
plotted against a and joined by a straight line. In the cases of monochloro- 
benzene and those solutions in which the concentration of polymer did 
not exceed 2.5 g./I., this straight line, when produced, passed through the 
origin. By definition, its slope was equal to ¢;/4 where ¢, represents the 
fluidity at large rates of shear. With the more concentrated polymer solu- 
tions, however, the straight line joining the (two) plotted points made 
an intercept on the o-axis. It was assumed, following Schofield and Blair, 
that the slope of this line represented ¢,/4 and that the positive values of 
oo were indicative of anomalous behavior in a layer of liquid close to the 
tube wall. 

In Fig. 1, values of ¢1 and op determined in this way are shown plotted 
against C, the polymer concentration, a broken line being used for the 
(ao, C) curve. 

By Oldroyd’s Method (8). For the detection and analysis of anomalous 
behavior near the tube wall in laminar flow, Oldroyd has recommended 
an examination of the curves obtained by plotting ¢ against 1/7, using 
smoothed pressure gradient/rate of flow data from experiments in at least 
two sizes of tube. In the case of a material which behaves isotropically 
everywhere during deformation there exists a unique relation, ¢ = F(1/r), 
and hence all the experimental data will be found to lie on the same curve, 
enabling 70, 71 to be determined directly. Departures of the plotted points 
from this curve will commence, for each tube, at the value of d /r at 
which R,, the Reynolds number, attains its critical value, denoting the 
breakdown of laminar flow. But if, on the other hand, the observed 
(¢, 1/7) curves for different tubes differ at Reynolds numbers below the 
critical, and if, moreover, the relative displacements of the curves are 
consistent with the general relation 


o = F(1/r) + 46(7)/a, (1) 
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Fia. 1. The relations between (1) ¢1 and C, and (2) oo and C. 


then it is reasonable to suppose that a thin layer with anisotropic rheo- 
logical properties exists near the tube wall. In such a case, if the curves 
are sufficiently well defined by large numbers of consistent readings from 
different tubes, Eq. (1) can be used to obtain F(1/7) and ¢(7). This will 
enable the curve ¢ = F(1/r) to be constructed and used, as for a liquid 
not showing wall effects, to define the stress/rate of strain relationship for 
the material in an isotropic condition (7.e., remote from boundaries). 
The ¢, 1/r data for monochlorobenzene are shown graphically in 
Fig. 2. The value of 1/7 corresponding with R = 2000 is indicated for each 
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Fic. 2. The relations between ¢ and 1/r for tube A(©) and tube B(+) with C = 0. 
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tiow tube: this was the critical Reynolds number, denoting the breakdown 
of laminar flow, which was deduced from experiments with a “color 
filament” (5). It can be seen (Fig. 2) that the values of ¢ relating to 
laminar flow in both tubes lie on a single curve which, as is appropriate 
to the case of a Newtonian liquid, is a straight line parallel to the 1/r-axis. 
The value ¢ = 132 represented by the drawn line, is in excellent agree- 
ment with the fluidity of monochlorobenzene determined by means of a 
standard U-tube viscometer. 

With the addition of polymer to the solvent in amounts up to, and 
including, 2.50 g./l. it was found that, although a single curve could still 
be drawn through the plotted points (¢, 1/r) pertaining to laminar flow 
in both tubes, this curve was no longer a straight line. Instead, as C 
increased, a tendency for ¢ to increase with 7 grew more pronounced. 


0.05 O10 0.15 0.20 0.25 
\/t 


Fic. 3. The relations between ¢ and 1/r for tube A(©) and tube B(+) with C = 2.50. 


Nevertheless, extrapolation of the curve to 1/7 = 0 gave, for each solu- 
tion having C < 2.50, a value of ¢: which was the same as that found by 
the method of Schofield and Blair. Moreover, the breakdown of laminar 
flow was satisfactorily indicated in every case by R, = 2000. All these 
features are shown in Fig. 3, wherein the ¢, 1/7 data for C = 2.50 have 
been plotted. 
The failure to detect a wall effect when C < 2.50 is consistent with 
the finding (cf. Fig. 1) that oo = 0 in each of these liquids, for oo is to be 
identified with ¢; (3). The incidence of a wall effect, of the kind defined by 
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Oldroyd, was first detected in the flow data for a solution containing 5 g. 
of polymer/I., and the effect persisted when C was increased to 10 g./l. 
Unfortunately, the available data for C = 20 and C = 30 were insufficient 
for analysis by the present method. In Fig. 4 the ¢, 1/7 curves for C = 10.0 
are shown. The separate curves, one for tube A and the other for tube B, 
that were obtained in laminar flow can clearly be seen, and it will also 
be observed that a definite departure from the conditions of laminar flow 
had occurred in experiments at large stresses in tube A but not in tube B. 
A similar conclusion was reached by plotting the ¢, 1/7 curves for 
C = 5.00, though in this case, where a less viscous liquid was involved, 
the transition region was more nearly approached in the experiments with 
the narrower tube. 

Continuing this analysis of data for C = 5.00 and C = 10.0, there 
followed next the evaluation of F(1/r) and of ¢ for selected values of r. 
This was accomplished arithmetically using the forms of Eq. (1) appro- 
priate to the two flow tubes. 


30 


20 


0.005 010 0.015 0.020 0025 
WAS 


Fic. 4. The relations between ¢ and 1/7 for tube A(©) and tube B(+) with C = 100. 
The broken line represents ¢ = F(1/r). 


The curve ¢ = F(1/r) pertaining to C = 10.0 is shown broken in 
Fig. 4: extrapolation of this curve to 1/r = 0 gave ¢; = 15, which is very 
nearly the same as the fluidity of this polymer solution at large rates of 
strain as was found by the method of Schofield and Blair (Fig. 1). Close 
agreement between the values of ¢: determined by the two methods was 
also secured in the case of the solution containing 5.00'g. of polymer/I. 
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Finally, Fig. 5 comprises the curves relating ¢ and 7 for C = 5.00 and 
C = 10.0. It can be seen that as 7 increases from zero, the effective slip 
coefficient ¢ increases very rapidly and attains, over a narrow range of 
stresses, a value only slightly less than its limiting value ¢; when r > 0. 
The values ¢; = 0.4 (C = 5.00) and ¢ = 0.2 (C = 10.0), deduced from 
Fig. 5, are exactly equal to the corresponding values of oo (Fig. 1). It is 
confirmed, therefore, that ¢; = ao in solutions of polymethyl methacryl- 
ate. Moreover, since £; > 0 the effective velocity of slip Wa was not 
bounded but tended to infinity with the stress at the wall. No definite 
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Fig. 5. The relations between ¢ and + with C = 5.00 (Curve 1) and C = 10.0 (Curve 2). 


information could be obtained about the value of ¢ at zero stress, but 
the trend of the curves in Fig. 5 suggests that {> was small in both polymer 
solutions. 

CONCLUSIONS 


Evidence for a Wall Effect in Laminar Flow 


The evidence put forward above has established that concordant 
results are obtained when smoothed pressure gradient/rate of flow data 
relating to laminar flow in straight tubes are analyzed by the methods 
which have been proposed by Schofield and Blair (2) and by Oldroyd (3). 

While there is no evidence of a wall effect in the pure solvent and the 
more dilute polymer solutions (C' < 2.50), a definite indication of anoma- 
lous behavior near the tube wall has been obtained in those cases where 
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C > 5.00. This wall effect is characterized by an effective velocity of slip 
(cf. Oldroyd (3)), and ¢, the effective coefficient of slip, attains a limiting 
value ¢, at large stresses. The values of £, which were obtained for the 
liquids investigated were identical with the corresponding values of oo 
determined by the method of Schofield and Blair (2). £0, the counterpart 
of ¢; at small stresses, could not be estimated with certainty, but its 
value must always have been small compared with ¢,, and may have been 
zero for all the liquids examined. 

Recalling my earlier work (1), it should be noted that among those 
solutions for which ¢, (or oo) is now found to be either zero or very small 
(cf. Fig. 1) are liquids for which striking evidence had been obtained of 
anomalous behavior near the tube wall when the mainstream had ceased 
to be laminar. 


The Breakdown of Laminar Flow 


In the case of monochlorobenzene the results obtained by Osborne 
Reynolds’ method show that Ri ~ 2000 is a good criterion for the break- 
down of laminar flow in tubes A and B, and also that the change of flow 
régime occurs quite suddenly. The findings were substantially the same 
in the cases of the more dilute polymer solutions (C < 1.00 g./l.) but as 
the concentration of polymer was increased, the transition, though no 
less definitely indicated, appeared to take place more gradually. Thus, 
instead of vanishing abruptly when the value of Ri rose above 2000, the 
colored filament gradually became broader and ever less sharply defined 
until, eventually, it filled the bore of the flow tube. This trend is reflected 
in the ¢, 1/r curves as can be seen by comparing Figs. 2, 3, and 4 (in 
that order) and, moreover, it became apparent in the narrow flow tube 
(B) at smaller values of C than in the wide one (A). 

It is not without interest that a critical Reynolds number R, has been 
found for the breakdown of laminar flow in linear polymer solutions, 
which is not only constant, but is the same, numerically, as in Newtonian 
liquids, 7.e., about 2000. Had the choice been to define R in terms of do 
(and not ¢;), the conclusions would have been different, for it would then 
have appeared (since ¢:/¢0 > 1, even in dilute polymer solutions (6), 
and the ratio increases with concentration) that there was a critical 
Reynolds number Ry peculiar to each solution. Moreover, assuming 
C > 0, it would have been found that Ry < 2000 and its value would 
have diminished as the concentration of polymer increased. (In the case 
of the pure solvent, of course,'Ro = Ri, since ¢ is constant.) In my view, 
therefore, R, is to be preferred to Ro, but quite apart from making a choice 
between these parameters, there can be no question that either of them 
is preferable to a Reynolds number based upon an arbitrary determina- 
tion of the “apparent fluidity” of a polymer solution. 
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A NOTE ON MIXED SOLVENT EFFECT IN SOLUBILIZATION 
Santi R. Palit 


Indian Association for the Cultivation of Science, Calcutta 12, India 
Received May 27, 1949 


Water can be solubilized in nonpolar solvents such as chloroform, ben- 
zene, etc., with the help of detergents. It has been shown by Palit and 
McBain (1) that the amount of water solubilized depends to a large ex- 
tent on the nature of the medium. This has also been observed lately by 
Winsor (2), who has also studied the effect of various additives. 

It has been observed by the author that a mixture of solvents, say, 
chloroform and benzene, can solubilize very much more water in presence 
of a detergent than the individual solvents can alone in presence of the 
same quantity of the detergent. This behavior is particularly noticeable 
with pure quarternary ammonium type detergents, but is sometimes 
masked by the presence of impurities, either added during manufacture or 
accidentally present in such commercial surface-active agents. A thorough 
study of the whole phenomenon has been undertaken in this laboratory, 
and this preliminary note is to draw attention to the existence of this 
peculiar behavior. 

In Fig. 1 is plotted the amount of water solubilized at 30°C./g. of 
cetyldimethylethylammonium bromide (Eastman Kodak Co.) in a solu- 
tion of 1 g. of the detergent in 5 cc. of the solvent. The same experimental 
technique as described previously (1) was used. It will be observed that the 
solubilizing power of the detergent in chloroform is quite small and is 
augmented to a great degree by the addition of benzene, although, the 
latter, by itself, has no power to solubilize. A curve is also presented 
about a similar behavior of carbon tetrachloride-chloroform mixture. In 
fact, it is observed that almost any hydrocarbon which by itself forms a 
non-solubilizing medium shows this remarkable property in conjunction 
with chloroform. It is also observed that chloroform-rich media show a 
positive temperature coefficient of solubilization, whereas CCl,-rich 
media show the reverse behavior. In the figure it will be observed that we 
have made the solubilizing power of pure benzene or CCl, zero but have 
indicated this by dotted line. This is because the solubility of the deter- 
gent is insufficient in these pure solvents to admit of measurement of 
solubilization at our experimental concentration, but sufficient detergent 
dissolves on slight warming and the solubilizing power of such a solution 


is found to be practically zero. 
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It is currently believed that colloid micelles are responsible for solu- 
bilization and so we are led to believe that colloid micelles are being 
progressively formed and again broken down on gradually increasing the 
proportion of benzene or carbon tetrachloride. It is however, difficult to 
imagine how the McBain-Hess micelles accommodate more than 5 times 
their own weight of water in the interlayer spaces without producing 
grossly perceptible heterogeneity, particularly as the difference in re- 
fractive indices between the nonpolar solvent and water is so high. 


Weight of Water Solubilized per gram of Detergent 


le) 20 40 60 80 100 
Volume per cent Benzene (A), CCl, (B) 


Fig. 1. Solubilization of water by chloroform-benzene mixture (A) 
and by chloroform-CCl, mixture (B) at 30°C. 


Causes for the organization of the lamellar micelles on change of compo- 
sition of the medium are not easy to find, and it seems that this whole idea 
needs confirmation by other independent evidences such as viscometric, 
optical, and X-ray investigations. An alternative explanation, that the 
active spots of the soap molecule which are responsible for solubilization 
are blocked off by tight coiling up in poor solvents such as benzene or 
carbon tetrachloride may, however, be also considered, although appar- 
ently contradicting the currently accepted idea, in view of the fact that 
the degree of coiling of polymer molecules in solution has been found to 
vary with the solvent power of the medium. 
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SEDIMENTATION IN TILTED VESSELS (1) 
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1. InTRODUCTION 


Boycott (2) found, in 1920, that the sedimentation of red blood cor- 
puscles is apparently accelerated when the test tube is tilted (Fig. 1). 
Many workers, chiefly medical, have studied this curious phenomenon 
(3), among whom we may mention Nakamura and Kuroda (4) as 
having produced the standard. 


Fig. 1. Boycott’s effect. 


Nakamura’s idea is as follows: First, the upper boundary of the sus- 
pended phase, which, at time ¢ = 0, coincided with the surface of the sus- 
pending medium, be at AB at time ¢ (Fig. 2). Now, if the sedimentation 
velocity of the particles be s (which is considered to be identical with the 
velocity of descent of the boundary surface when the tube is held vertical), 
we should primarily expect that the space marked with arrows of length 
sdt be clarified after the lapse of a short time interval di. In reality, how- 
ever, the boundary CD being unstable, the particles in the hatched volume 
drift to fill up the blank space above CD and form a horizontal boundary 
FG. The final result to be observed is, thus, nothing more than a descent 
by dh of the boundary from AB to FG. Nakamura assumes in the above 
process that the volume ABGF equals the volume of the arrowed space. 


1 Now at the Department of Physics and Chemistry, Gakushuin University, Tokyo. 
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In the case of a rectangular cylinder shown in Fig. 2, we can write? 


the arrowed volume = {b secd + (c — h)tan6}asdt, 


and 
the volume ABGF = ab secé dh, 


where a represents the depth of the vessel. Equating these and solving for 
h, we get 


st sin 0 


h=(c+bsece)(l—e °® ) (1) 


which, for a given value of ¢ > 0, is greater than 
h = st. (2) 
For 6 = 0°, (1) is reduced to (2). 


Fic. 2. Illustration of Nakamura’s theory. 


The relation described above can also be stated in the form that the 
volume clarified in the lapse of time dt equals the horizontal projection of 
the upper boundaries of the suspended phase (including the free surface 
and the ones in contact with the upper walls) multiplied by sdé. The walls 
beneath the suspension have no essential influence. Hence, the relations 
illustrated in Fig. 3. 


? Triangular volumes in the corners shown with dotted lines are neglected. 

3 On a horizontal bottom the particles are merely piled up; on an inclined wall some 
of them adhere and others slide down slowly. In any case, the motion of the suspended 
particles is not influenced essentially. 
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Sedimentation velocity, or, strictly speaking, the descent velocity of the 
upper boundary of the suspended phase in any vessel can be calculated ac- 
cording to this simple principle, and the theory seems to explain the 
experimental data satisfactorily; at least, in Nakamura and Kuroda’s 
experiments on the sedimentation of cattle blood corpuscles, the accord 
of the theory and the observation is quite splendid. 


Fic. 3. Effect of upper and lower tilted walls. 


Nakamura’s theory, however, is phenomenological, and the mechanism 
of the drift of the particles to form a horizontal boundary—which we call 
the “leveling action” after Katsurai (5)—remains ambiguous. Nakamura 
employed the term ‘‘diffusion’”’; and some workers are trying theoretical 
calculations on the basis of this assumption (6, 7). But there is doubt as 
to whether the leveling is actually due to diffusion, which means the drift 
of particles without any essential mass motion of the suspending medium. 

The author understands the sedimentation with a well-marked 
boundary which we treat here as characteristic of the case where diffusion 
is negligibly small. Well-known exponential-type concentration distribu- 
tion will be expected otherwise. 


38.2 cm 


~ §.4¢em 
Fig. 4. Vessel of NH,Cl smoke. 


An alternative mechanism to be proposed here is a kind of convection, 
a hydrodynamic flow in the suspending medium which carries the particles 
with itself. Our principal interest in the following experiments was in 
verification of this working hypothesis. 
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2. SEDIMENTATION of AMMONIUM CHLORIDE SMOKE (8) 


Ammonium chloride smoke was prepared by the usual process, poured 
gently into a vessel ‘ illustrated in Fig. 4, and its sedimentation observed 
in detail. 


h (mm) 


90 


50 


observed 
ose sas calculated (s= 2.0 mm/min) 


Fic. 5. Kelation between the extent of descent of the boundary 
surface h and time t (NH,4Cl smoke). 


Fig. 5 shows the relation between the descent of the boundary surface 
h and time t, observed for various inclination angles 6. Broken lines were 
calculated after Eq. (1), in which s was taken to be equal to 2.0 mm./min., 
the observed value of the descent velocity of the boundary surface when 
the cylinder was held vertical (6 = 0°). The smoke was washed by passing 
through water, dried through desiccative and introduced directly into the 

4 We at first used a test tube-type vessel of 3 cm. diam. with ordinary cork, but found 


it inadequate because the inner side of the cork plays the role of a “tilted wall” and 
introduces unnecessary complications. 
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mm/min. 


(dh/dt)¢29 


ie) 20 40 60° 
8 


Fic. 6. Initial velocities of descent of the boundary surface for various inclination 
angles @ (NH.Cl smoke). Calculated values are derived from Eq. (1). 


vessel; hence, the size of the particles was not so uniform,’ and coagulation 
occurred soon after beginning the observation. The upward bend of the 
h-t curves at t > 4 ~ 5 min. may presumably be due to this latter effect. 
We dare not conclude this because the trend is not clear when @ = 0°, but 
it would not be unreasonable to suppose that the coagulation is promoted 
when @ > 0° by the convection current which, as we shall show later, is 
the cause of the leveling actzon in this case. 


7 min. 9 min. i) min. 


Fic. 7. Change in the appearance of the boundary surface (NH.Cl smoke). 


In Fig. 6 the initial values of the descent velocity of the boundary 
surface estimated from Fig. 5 are compared with (dh/dt),.o derived from 
Eq. (1). The value of @ which makes the latter maximum can be calculated 
analytically, and is found to be 41° in our case, which is in good agreement 
with the observed result. Thus, Nakamura’s theory explains the experi- 


5 Mean diameter of the smoke particles was roughly estimated at 8u. 
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mental results qualitatively very well, but the quantitative values of h 
or dh/dt calculated from Eq. (1) are not as satisfactory. 

Fig. 7 illustrates the change in the appearance of the boundary ac- 
companying the progress of sedimentation.® These sketches will suffice 
to show that the leveling is mainly due to a current of air (a kind of con- 
vection) in the vessel. We shall briefly discuss the mechanism of this 
convection later (§5), but the situation can be roughly understood if one 
considers the distribution of the pressure exerted by the suspended system 
on the medium (in this case, air): the diminution of the concentration of 
particles in the arrowed space in Fig. 2 will make the magnitude of the 
component of the gravitational pressure in the wall-direction decrease near 
the upper tilted wall and increase near the lower one, whose difference is 
decidedly larger at the bottom than at the upper part of the tube. 


3. SEDIMENTATION OF FinE Emery PownbeEr (9) 


Fine emery powder for optical shop, of nominal size No. 1200, after 
being homogenized by decantation, was suspended in water, poured 
gently into vessels like the one shown in Fig. 8, and its sedimentation 
observed. 


Fic. 8. Vessel of emery powder suspension. 


The relations of the extent of descent of the boundary surface h vs. t 
for various inclination angles are plotted in Fig. 9. Broken curves in the 
figure correspond to the calculated values after Nakamura’s theory, 
putting s = 2.5 mm./min. (the observed descent velocity of the boundary 
when @ = 0°). The dependence of h-t curves on @ is quite different from 
what was seen in §2 according to the difference in the shape of the vessel. 
The general tendency of the curves can be explained by Nakamura’s 
theory; especially, the accord between the observed and calculated initial 
velocities (dh/dt) .. is excellent, but the observed h values become greater 
than the calculated ones with the lapse of time. 


° The h values in Fig..5 were read at the middle of the boundary surface. 
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Fic. 9. Relation between the amount of descent of the boundary 
surface h and time t (emery powder suspension). 


The change in the appearance of the boundary accompanying the 
advance of sedimentation is as follows: first, a thin wedge-type clarified 
layer appears just below the tilted wall, which proves the validity of 
Nakamura’s basic ideas (Fig. 10 (a)); convection then takes place to fill 
up this blank space, and the boundary descends gradually in a form having 


(a) (b) 


Fic. 10. Change in the appearance of the boundary surface (emery powder suspension). 
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a protuberance near the tilted wall as shown in Fig. 10 (b). Convection in 
this type of vessel is not very clear, but, in a test tube-type vessel, the 
current is so violent that one can hardly make any measurement. 

The appearance of the wedge-type clarified layer, which shall be called 
the V-layer hereafter, means that the leveling occurs with a time-lag be- 
hind the sedimentation, which may be one of the causes of the discrepancy 
between the actual observation and Nakamura’s theory. The V-layer 
was not distinctly recognized in the case of NH«Cl smoke (presumably 
because the definition of the boundary was inferior), but we can point out 
several cases in which we could just perceive it. 

Our original purpose of establishing the validity of the hypothesis that 
the leveling action in Boycott’s effect is not due to diffusion but to a kind of 
convection current in the suspending medium seems to have been ac- 
complished by these experiments. But it is desirable to confirm this again 
in the case of erythrocyte sedimentation, because the fact that the sedi- 
mentation is much slower in the latter case may aid the diffusion theory. 


4, SEDIMENTATION OF RED BLOOD CORPUSCLES 


Twenty-five hundredths to 30% of rabbit’s blood was dissolved either 
in physiological saline or in Hayem’s solution, and the sedimentation in 
small glass vessels like the ones used in the preceding section of this solu- 
tion was observed. Approximate values of the descent velocity of the 
boundary surface for various inclination angles were 4, 6, 7, and 8.5 
mm./hr., respectively, for 6 = 0°, 25°, 40°, and 50° (in the case of 2.5% 
solution). 


Fia. 11. Leveling convection in blood solution (0.5%). 


The movement of red blood corpuscles was traced microscopically 
(100 X). The microscope was set horizontally, the vessel being placed in 
the position of the object-glass. No special illumination was needed. The 
vessel was fixed on a carrier which could be displaced finely in a plane 
perpendicular to the optical axis in both horizontal and vertical directions, 
so that we could perform an observation at any desired position. 

A thin wedge-type clarified layer (V-layer), similar to the one men- 
tioned in the preceding section, appears again in this case. Microscopic 
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observation reveals an upward movement of the blood corpuscles along 
the edge of this layer. The motion is quite orderly, the boundary with the 
V-layer never being invaded by the corpuscles. 

A general idea of the movement of the corpuscles in the whole may be 
obtained from Fig. 11, but care must be taken as to the interpretation of 
this illustration. The currents are unstable and are liable to be disturbed 
by illumination,’ except the regular currents along the boundary of the 
V-layer and the bottom (especially the left half) of the vessel. Conse- 
quently, the directions and the velocities jotted in this figure are, except 
the ones represented by thick arrows, nothing more than an example 
showing the general trend. The currents represented by thick arrows are 
quite stable. 


mm/sec. 
> 0.10 
oO 
2 
$ 
= 0.05 
2 
5 
rs) 
0 0.5 1.0 mm 


Distance between the 
front wall and the 
observation plane. 


Fic. 12. The diminution of current velocity near the wall due to viscous resistance. 


The numerals in the figure represent the velocity (mm./sec.) read 
with ocular scale. They correspond to the values in a plane near the front 
wall. The velocities in the central plane are expected to be larger, as can 
be estimated from Fig. 12, which shows the influence of the viscous re- 
sistance near the wall, but actual measurement of them was not possible 
because of the limitations of the instrument. 

A number of complementary observations and experiments would be 
worth mentioning. 

I. Currents in the blood solution caused by sedimentation described 
above can be visualized by holding a small flake of methyl violet at an 
appropriate position in the vessel. A colored stream comes out slowly and 
shows invisible current in the suspension. The general trend estimated by 
this very simple method agrees with what was illustrated in Fig. 11. 

II. As a consequence of the convection in the suspension part, hydro- 
dynamic flow also takes place in the upper, already-clarified, part of the 


7 Nakamura emphasizes the unreliability of microscopic observations in reference to 
these points; but our results are reproducible so far as what we positively maintain are 
concerned. They are also in accordance with the observations by the methyl violet method, 
which is to be described later. 
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liquid. It is a very slow and not always stationary current, which can be 
detected by the methyl violet method or by the observation of red blood 
corpuscles remaining in the clarified region. (The concentration of the 
latter is, of course, very small.) 


Fic, 13. Convection current liable to take place in a vertical-wall vessel. 


IlI. A weak convection is liable to occur, even in a vessel whose walls 
are vertical. Unstable as this current is, one can detect it by the methyl 


violet method. The general tendency is sketched in Fig. 13. The current is 
assuredly due to sedimentation, because if one fills the same vessel with 
water and tries the methyl violet method, nothing more than a straight 


5. SUMMARY AND DISCUSSIONS 


A. Boycott’s effect was observed on the sedimentation of NH.Cl 
smoke (in air), fine emery powder (in water), and red blood corpuscles 
(in diluted blood solution); and it was established that the leveling action 
is not due to diffusion but to a mass motion (a kind of convection) of the 
suspending medium. The effect of diffusion is very small, if any. 

B. The velocity of this convection current is much greater than the 
descent velocity of the boundary surface of the suspended phase, which is 
usually regarded as the sedimentation velocity (cf. §4). A general idea of 
the leveling convection could be obtained from Fig. 11. 

C. Nakamura’s theory for the velocity of descent of the boundary 
surface is qualitatively valid, but not quantitatively satisfactory in all 
cases. 

According to conclusion A, it is useless to discuss Boycott’s effect on the 
basis of the equation of diffusion. 

As was pointed out in B, the velocity of the leveling convection is 
some 10? times as large as the descent velocity of the boundary surface. 
Consequently, the author is inclined to picture the sedimentation in tilted 
vessels with a large horizontal vortex turned up in the suspended phase. 
The latter, whose upper boundary coincides with the boundary surface 
which we observe, flattens itself as times goes on, wherein the concentra- | 


downward motion of a colored stream ean be seen. 
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tion of the particles in it is kept approximately constant by the excretion 
downwards of surplus particles (Fig. 14). 

The crux is the mechanism of this vortex. It is not difficult to compre- 
hend it qualitatively, as was mentioned before, by considering the uneven 
distribution, caused by sedimentation, of the pressure which the sus- 
pended system exerts on the medium, or, in other words, the nonuni- 
formity of the density of the suspension (cf. §1). But if we go any farther to 
discuss the problem with hydrodynamic equations, we are beset with 
difficulties. If we wish an attack in the front, our discussions must be 
based on Navier-Stokes’ equations, as the viscosity of the medium plays 
an important role in this phenomenon. Writing down the fundamental 
equations is not essentially difficult, if we admit some postulates, but 
solving them to arrive at a solution of practical value seems almost 
hopeless. The formulation and the solution of the problem is left to the 
future. 


(a) (b) 


Fic. 14. Vortex model of the sedimentation in tilted vessels. 


The influence of diffusion was neglected in the above discussions. In 
reality, however, it does play a role, but of the second or third order. The 
author expects that a kind of convection in a vertical-wall vessel men- 
tioned at the end of the preceding section could be reasoned if one could 
have carried out theorectical calculations on the above-stated principle 
with further corrections for this diffusion effect. 


ACKNOWLEDGMENTS 


Observations and experiments in each section of this article were carried out with the 
cooperation of one or more of the students of the Faculty of Engineering, Morihei 
Hukaya (§2), Eizi Taki (§3), Kozo Isomura (§3), Taizo Tsukada (§§ 3 and 4), and Keizo 
Murase (§4), to whom the author is very much indebted. I also wish to express my cordial 
thanks to Mr. Akiya Ookawa and Mr. Nobuhiko Saito of the Kobayashi Institute of 
Physical Research. The problem was originally suggested by Ookawa, and lively dis- 
cussions with them stimulated me very much whenever we had the chance to meet. A 
grateful acknowledgment is due to Dr. Taro Suga, the supervisor of our laboratory, and 
to Dr. Tominosuke Katsurai of the Scientific Research Institute, Ltd., for their interest 
throughout the work and for reading the manuscript. 


536 KOREO KINOSITA 


e 


NOP WW 


REFERENCES 


. A more detailed report will appear in Mem. Faculty Engin. Nagoya Univ. in the near 


future (in English). 


. Borcort, A, E., Nature 104, 532 (1920). 


Resumé of these investigations can be found in Ref. (4). 
Naxamura, H., anp Kuropa, K., Keijo J. Med. 8, 265 (1937) (in French). 
Karsural, T., Theory of Colloids, 62, Tokyo, 1947 (in Japan.). 


. Sarro, N., anp OKA, S., Kagaku (= Science) 18, 75 (1948) (in Japan.). 
. Miyaraxg, O., An address at a Sectional Meeting of the Physical Society of Japan, 


Oct., 1948. 


. Of the sedimentation of this aerosol, Tachibana, T., and Terada, H., have observed 


Boycott’s effect recently [J. Chem. Soc. Japan 68, 2 (1947) (in Japan. ]. 


. Similar observations are reported by JoHNSON, R., AND Smytu, E., Nature 160, 27 


(1947) on the sedimentation of potter’s bone in a conical flask. However, it seems 
that they were ignorant of the relation to Boycott’s effect. 


LETTER TO THE EDITORS 


THE EFFECT OF WATER ON THE SIZE AND SHAPE OF 
SOAP MICELLES IN BENZENE SOLUTION! 


Attempts in this laboratory to free solutions of the arylstearate soaps 
in benzene from adsorbable polar contaminants by percolation over 
alumina or silica gel have led to the observation that the viscosity of such 
solutions is critically dependent upon their water content. In the complete 
absence of water, soaps of good -purity swell in benzene to give jelly-like 
systems, which, on heating or on standing for a day or more, transform to 
highly viscous liquids showing birefringence of flow. The addition of as 
little as 0.05% of water to such a system converts this viscous fluid to a 
mobile liquid having a relative viscosity slightly larger than that predicted 
for the system by the Einstein equation for suspended spheres (see 
Fig. 1). 

The effect has been observed with solutions of carefully prepared 
sodium, lithium, and calcium soaps of xylyl- and xenylstearic acids. The 
quantitative relations for a dilute calcium xenylstearate solution are 
shown in Fig. 2. 

The high viscosity and flow-birefringence of the anhydrous systems 
suggest that here the soap is present in thread-like aggregates, or micelles, 
which are analogous to linear polymers. If so, a range of micelle lengths 
might be expected over which there would be approximate conformity 
with Staudinger’s rule that the molecular weight of linear macromolecules 
of a given type is proportional to the intrinsic viscosity [7]. Then, if the 
concentration of soap is held constant while the average micellar length 
varies, the number of micelles present will be proportional to the reciprocal 
of [7], or to a quantity such as c/(n,—1) which in a given dilute solution 
would be proportional to 1/[7 ]. 

Curve I of Fig. 2 approaches a linear relation between c/(n,—1) and the 
water content of the system in the region from 0.1 to 0.7 moles of water 
per mole of soap; 7.e., in this range the number of micelles is proportional 
to the amount of water added. It is suggested that here the mechanism for 
the spectacular reduction in the viscosity of the system is the rupture of 
long polymer-type chains and the stabilization of the shorter units through 
attachment of water to the free ends. 

1 The opinions or assertions contained in this communication are the authors’ and are 
not to be construed as official or reflecting the views of the Navy Department. 
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RELATIVE VISCOSITY, 25° C. 
a 


° | 2 3 4 
MOLES WATER PER MOLE OF SOAP 


Fig. 1. Effect of water content on the relative viscosity of a solution of calcium 
xenylstearate in benzene (3.48 g. soap/100 cc.). 


This interpretation is supported by observations of the degree of polari- 
zation of the fluorescence excited by green light as water was added to a 
solution of the same soap containing Rhodamine B. This polarization is a 
function of the average volume of the soap micelles to which the dye 
molecules are adsorbed (1). Curve II of Fig. 2 shows that, for the solution 
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Fia. 2. Plot of c/(n-—1) and of the degree of polarization of fluorescence from 
Rhodamine B for a solution of calcium xenylstearate in benzene. 
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studied, the degree of polarization changes from a value of 0.39, only 
slightly less than that to be expected for completely immobilized dye 
molecules (2), to one of 0.27 in the presence of two moles of water per mole 
of soap. This latter value corresponds to a gram micellar volume of the 
order of 20,000 cc. The situation in the viscous solutions of low water 
content is too obscure to justify a calculation of micellar volume in them 
from Perrin’s relation, but the trend of the degree of polarization with 
increasing water content is in good qualitative agreement with the visco- 
metric data. 

On warming, the water-containing solutions increase in relative viscosity 
in a manner recalling the behavior of benzene dispersions of aluminum 
soaps (3,4,5). Between 60° and 75°C. the viscosity rises rapidly to that of 
the original anhydrous solution. It reverts immediately to low values on 
cooling. 

These results establish, for certain soaps of the alkali and alkaline 
earth metals, a pattern of viscometric behaviour heretofore familiar only 
in the case of aluminum soaps. They also provide evidence of the existence 
of two different types of micelle for a given soap in non-aqueous systems, 
one having an extended structure and the other being approximately 
isodimensional. 
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BOOK REVIEW 


Principles of High-Polymer Theory and Practice. By ALors X. Scumipt, Assistant 
Professor in Chemical Engineering, and Cuartes A. Marures, Associate Professor in 
Chemical Engineering, College of the City of New York. McGraw-Hill Book Co., Inc., 
New York, 1948. xii + 743 pp. Illustrated. Price $7.50. 

There is now a book from which polymer chemistry may be taught—and learned, 
Professors Schmidt and Marlies have written it. Their attention to modern ideas, bal- 
anced against lucid factual accounts, is unique in the present literature of the field. 
With this book, there is no reason to have technologists uninformed of the basic princi- 
ples in making and using plastics, rubbers, fibers, finishes and adhesives, or to have re- 
search investigators ignorant of the general observations of polymer behavior. 

The thoughtful and logical planning of the book is striking from the beginning. 
Chapters 1 and 2 tell the kinds of molecules which polymers are, and how they act to- 
gether. The examples chosen are usually the best in the field. One is actually surprised 
that a little of the old confusion between orientation and crystallinity appears on p. 57, 
whereas one has learned not be to surprised at this in polymer literature at large. 

The next chapters introduce the extraordinary physical properties of polymers. Here 
is skillfully and valuably preserved the wnity of polymer science; rubber does have a 
connection with cellulose, even if we have been told (not by Schmidt and Marlies) that 
their micelles aren’t the same size! Through these chapters (3, 4, 5, and 6), kinetics of 
polymerization, structures and molecular weight determinations are clearly introduced. 
One may object that the synthetic polypeptides of 1947 (Leuch—1906) didn’t have 
molecular weights in the millions (p. 124), or that the intensity of spots in X-ray fiber 
diagrams is not so much by itself a sign of amount of crystallinity (p. 167) as of the 
intrinsic scattering power of the atoms involved (Cl, Br vs. C, H, etc.). However, there 
is very little that calls for objections; and that, again, is rare in books on this active field. 
Also, there are some nice points which the multitude of books on general physical 
chemistry often miss; for instance, the anisotropy of cubic crystals, such as in their X-ray 
scattering (p. 177). 

Chapters 7-10 treat mechanical and electrical properties, including both “rheology” 
and “molding”—and do justice to both. While elasticity from van der Waal’s forces 
usually varies exponentially with 1/7 (instead of being “‘proportional to 1/7,” p. 282), 
and will certainly go this way in the 108-109 modulus range of cellulose and the poly- 
amides (and not “proportional to 7” in these non-ideal cases), the basic concepts are 
clear and authoritative. The treatment of electrical and optical properties is likewise 
balanced and stimulating, especially for those who spend much time testing polymers, 
and are curious about the principles involved. Although something more than just 
oriented polyvinyl alcohol (p. 462) is necessary to make conventional Polaroids, since 
the intrinsic birefringence of most unmodified polymers is quite low, such factual errors 
are as rare as the conceptual ones noted earlier. 

Chapters 11 through 13 cover fibers and rubbers in interesting descriptive fashion, 
again with enough of the quantitative aspects brought in to be just right for teaching or 
casual reference. Finishes (Chap. 14) and adhesives (Chap. 15) are similarly good. Chap. 
16 concludes the text on a note of hope—that some day phenolics will be studied scientif- 
ically. The several appendices supplement excellent tables throughout the work in listing 
typical properties and formulas for nearly all technically important polymers. 

The book is well made, as one expects in the “Chemical Engineering Series.” One 
wonders why the hyphen in “High-Polymers . . . ,’”’ and the conscious use of buta for 
Buna throughout (buta may well be better for emulsion polymers, if new names are 
needed). But misprints are few. The bibliography is unusually well chosen. 

Professors Schmidt and Marlies have made a notable gift to the field which occupies, 
as they note, about a third of all chemists and chemical engineers. Those who have 
learned from this work, and they should include biologists and biochemists, too, will 
erect the memorial in science and engineering which ever proclaims the only temporal, 
never spiritual, mortality in Professor Marlies’ too-early death. 


W. O. Baker, New York, N. Y. 
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AN’ IMPROVED PHOTOELECTRONIC COUNTER FOR 
COLLOIDAL PARTICLES, SUITABLE FOR 
SIZE-DISTRIBUTION STUDIES?! 


Frank T. Gucker, Jr. and Chester T. O’Konski 2 
From the Chemical Laboratory of Northwestern University, Evanston, Illinois, 
and Indiana University, Bloomington, Indiana 
Received July 18, 1949 


INTRODUCTION 


Until recently, the tedious methods of determining the concentration 
and size of colloidal particles have hampered many studies in this field; 
but the development of photocells and electronic counting devices pro- 
vides a basis for the development of rapid and convenient instrumental 
methods. Recently we have described (4,5) an apparatus which auto- 
matically counts individual aerosol particles of 0.6 » (micron) diameter 
and larger, at rates up to 1000/min. A stream of the very dilute aerosol, 
flowing at one 1./min., and confined by a sheath of air flowing at the same 
linear rate, passes through a cell, where it is subjected to intense dark- 
field illumination. The flashes of light scattered by the suspended particles 
in the near-forward direction fall upon a photosensitive cell, giving rise to 
electrical pulses which are amplified to actuate a mechanical counter. In 
this instrument the setting of an electrical discriminator circuit allowed 
the counting to be limited to particles giving electrical pulses above any 
selected value, down to a lower limit determined by the background 
noise of the photosensitive tube. Since the light scattering of similar 
particles depends upon their size, we suggested that this type of counter 
might be developed to determine particle size. 

The present article describes a new counter in which the optical system 
has been improved to give more uniform illumination of the aerosol 
stream with greatly reduced stray light, and the electronic system has been 
improved to allow the counting of electrical pulses within any predeter- 

1 Presented before the Division of Physical and Inorganic Chemistry, American 
Chemical Society, San Francisco, California, April, 1949. This paper is taken from the 
Ph.D. dissertation submitted by Chester T. O’Konski to Northwestern University in 
August, 1948. It is based upon work done for Camp Detrick, Frederick, Maryland, under 
Contracts WA-18-064-CWS-160 with Northwestern University and No. W-18-108-CM- 


31 with Indiana University. 
2 National Research Council Predoctoral Fellow, 1946-48. Present address: De- 


partment of Chemistry, University of California, Berkeley, California. 
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mined voltage range, as well as those above any desired minimum value. 
Preliminary experiments show the applicability of the instrument as a 
counter, and indicate its future usefulness in determining particle-size 
distribution. 

APPARATUS 


The present apparatus is similar in principle to the previous instru- 
ment, but utilizes an electron-multiplier phototube, chosen for its high 
sensitivity and excellent frequency response, and a right-angle optical 
system, especially designed to minimize stray light in order to reduce the 
phototube noise which limits the sensitivity of the instrument. It also 
includes an electronic circuit to facilitate the scanning of the pulse- 
amplitude-distribution spectrum which will allow the determination of the 
distribution of particle sizes after the relation between pulse height and 
particle size is established. 

The Optical System 


The earlier instrument (5) collected the flashes of light scattered in the 
near-forward direction, rather than at right angles, because, as shown by 
Lord Rayleigh (1871), its intensity is twice as great for small particles (13) 
and greater still according to G. Mie (1908) for larger particles (10). 
However, the limiting factor in such a counter is not the amplification of 
the signal from the particle, but the ratio of this signal to the background 
noise in the photomultiplier tube, which is a function of the stray light in 
the optical system. Our experience with various optical systems (5,6) had 
shown that the stray light may be reduced to an extremely low level in a 
properly designed right angle system, while none of the incident light is 
cut out by the opaque stop necessary in the small angle system, and a 
greater solid angle of scattered light can be collected. The optical system 
of the new counter therefore was made for right angle scattering, although 
it can be adapted for small angle scattering very simply. Incorporation of a 
carefully designed light trap, the use of achromatic instead of aspheric 
lenses, and of an illuminated slit instead of the lamp as the light source, 
sharpened the image in the smoke cell and markedly reduced stray light. 

The optical system is drawn to scale in Fig. 1. The metal parts are 
machined from brass. Joints in the smoke cell are sealed with 0.8 mm. 
(sz in.) Garlock gasket material, indicated in each case by an X, which 
permits rapid removal and interchange of parts. The entire assembly, 
including the light source and the smoke cell, phototube, and preamplifier, 
is mounted on an optical bench.’ 

Light from the ribbon-filament tungsten lamp A is collected by a set of 
achromatic condensing lenses, LZ, L2, each with a focal length of 78 mm. 
and diameter of 46 mm. The lenses are held in the auxiliary lens holder B, 


* Catalog No. 85800, Central Scientific Company, Chicago, Illinois. 
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by means of a spacer C; and a retaining ring D1. A full-sized image of the 
filament is formed in the plane of the source slit Zi, which is made of thin 
sheet metal to dissipate the heat. The slit holder F telescopes into the lens 
holder G for adjustment of the position of the source slit along the optical 
axis. Another identical set of lenses, Ls, Ls, focuses the light in the center 
of the smoke cell K, on the axis of the smoke tube 7, (shown in the section 
A’A’), beyond which the beam diverges. The cell is closed with the glass 
plates Hi, H2 sealed in with gaskets. The smoke cell assembly is supported 
on the optical bench in two brass cradle mounts, Mi, M2, adjustable 
horizontally and vertically. 

The flow system is identical with that in the original counter (5) 
except that, as shown in section A’A’, all of the tubes 7,, T2, and 73 are 
built into individual housings threaded to facilitate replacement, and a 
baffle screen Z, consisting of three layers of fine wire gauze, helps to 
smooth the flow of the sheath air. Separate tubes 7, and 7';, and others 
suitably located, are connected to a manifold through which filtered air 
can be blown to flush out the entire system. 

Light scattered in the vicinity of 90° is collected by the achromatic 
viewing lenses Ls, Le (with focal lengths of 63 mm. and diameters of 39 
mm.) and focused on the viewing slit E2, mounted in a shallow recess in 
the end of D3 to cut out stray light from the knife edge and the interior of 
the tapered end O of the viewing lens holder. 

The phototube housing Q is attached to the cap P so that the optical 
axis of the viewing system intersects the center of the photosurface of the 
931-A photomultiplier tube R when the cap is fastened over the end of the 
retainer D;. The phototube socket S is mounted on the brass spacers Ui, 
U2, which also support the tube socket and other units of the preamplifier 
circuit contained in the region V. 

The slit pieces H;, EH and the entire interior of the system are painted 
with optical black paint.‘ A dark background behind the particles is 
provided by the light trap Y, which is constricted at the top until its 
knife edge just avoids being visible through the hole in O from any point 
on the inner surface of Ls. The interiors of the light trap, the smoke cell, 
and the barrel of the viewing lens holder between the tapered section O 
and Lg are lined with velvet-surfaced optical black paper to further de- 
crease stray light. 

Inght Source 


The ideal light source would be intense, stable, and uniform over its 
entire area. Fluctuations in intensity can lead to spurious counts because 
of the stray light in the optical system and, together with nonuniformity, 
preclude the possibility of reliable size-distribution measurements. We 


“Manufactured by G. J. Nikolas and Company, Chicago, Illinois, and Brooklyn, 
New York. 
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Fic. 2. Intensity contours (in arbitrary units) of images of three light sources: (a) 
50-w. tungsten lamp and aspheric lens system, (6) 100-w. zirconium arc and double 
achromatic lens system, (c) ribbon-filament tungsten lamp and double achromatic lens 
system. Distances are given in mm. 


studied a 50-w. automobile headlight, a 6-v., 18-amp. ribbon-filament 
tungsten lamp,’ a 100-w. zirconium concentrated-arc lamp,‘ and a carbon- 
arc motion-picture projection lamp.’ 
An optical probe was built to explore the image of the various light 
sources formed by suitable condensing lens systems. It employed an 
5 Catalog No. 86606, Central Scientific Company, Chicago, Illinois. 


5 Made by the Western Union Telegraph Company, Water Mill, New York. 
7 Made by Hopkins and Woods, Martinsville, Indiana. 
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aperture 0.4 mm. in diameter backed by a piece of opal diffusing glass and 
an RCA 929 vacuum-type phototube which has the same photosurface as 
the RCA 931-A electron multiplier. The diffusing glass allowed use of a 
considerable portion of the photosurface, minimized the effects of conver- 
gence or divergence of the incident rays, and made the orientation of the 
aperture plate with respect to the direction of the incident beam less 
critical. Phototube currents, which are proportional to the light intensity 
at the aperture, were measured in conventional ways as the aperture was 
moved across the image by means of a micromanipulator? mount. 

Some of the results, uncorrected for the probe aperture, are presented 
graphically in Fig. 2, where lines of equal intensity, on an arbitrary scale, 
are shown at the image plane for different light sources and optical sys- 
tems. Fig. 2a shows the nonuniformity of the light beam in the original 
counter, using a 50-w. automobile headlight bulb and a pair of aspheric 
lenses. Fig. 2b shows the contour lines obtained for the image of a 100-w. 
zirconium arc lamp with a double set of achromatic lenses such as used in 
the revised instrument. The brightness of this image was to be found five 
times that of the one in the original counter. Fig. 2c shows the image of the 
ribbon-filament lamp obtained with the pair of double achromatic con- 
densing lenses. The optical system of this new counter gave a considerably 
more uniform image than that of the old. The zirconium-arc source gave a 
uniform image over a spot of about 1.5 mm. in diameter which, however, 
moved about, causing variations in intensity near the outer edges. The 
ribbon-filament lamp, allowing for the aperture of the probe, was found to 
give an image uniform within + 10% over an area of 2 X 12 mm. and was 
ideally suited to the improved counter. The motion-picture projection 
arc lamp, using copper-coated carbon rods, gave the brightest image of all, 
even when operated well below its rated capacity of 60 amp. The extreme 
heat at the focus of the elliptical mirror used with this lamp prevented a 
complete mapping of the intensity contours. However, preliminary re- 
sults indicated that the intensity of the center of the image fluctuated 
about + 10%, apparently because variations in the rate of burning of the 
carbons were not completely eliminated by the automatic feed mechanism. 


Phototube 


Since 931-A electron-multiplier phototubes were found to vary widely 
in sensitivity and noise, we tested a large number under conditions closely 
simulating actual experimental conditions of operating voltage, output 
current, and sensitive area of the photosurface. The phototube was put 
into position in the instrument, the light was turned on, and the cell was 
flushed out with filtered air. The high voltage supply of the photomulti- 
plier was adjusted, if possible, to give an average amplified noise (stray- 


® Made by the Gamma Instrument Company, Inc., New York, New York. 
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light noise) of 50 mv., as measured on the A. C. electronic voltmeter (see 
Fig. 3, p. 548). The light then was cut off and the average dark noise 
was measured on the same voltmeter. In poor tubes this might be equal 
to or even greater than the average stray-light noise. Finally the light 
was modulated by a motor-driven sector disk mounted just in front of the 
source slit H, (Fig. 1). The sector was constructed to give stray-light 
pulses of 1 millisec., equal in duration to those from particles. The ampli- 
fied pulses were then measured visually on an oscilloscope to about 0.05 v. 
Data on eleven randomly chosen electron-multiplier tubes, including 
several of the older 931 type, are shown in Table I. The signal-to-noise 
ratios were expressed in terms of peak voltage of the signal produced by 
the intermittent stray light and average stray-light noise. A wide 


TABLE I 
Comparison of Typical Photomultiplier Tubes 


Peak signal of 


Phototube type High voltage Av. Sey Het Av. dark noise chopped EP sinters oise 
» mv. mv. mv. 

931-A 550 50 70 100 2.0 
931 693 50 50 120 2.4 
931-A | 657 50 40 250 5.0 
931-A 633 50 45 250 5.0 
931 655 50 38 300 6.0. 
931-A 710 50 50 300 6.0 
931-A 727 50 32 350 7.0 
931-A 795 (max.) 35 30 250 Tell 
931-A 795 (max.) 45 25 350 7.8 
931 795 (max.) 45 27 400 8.9 
931-A 703 50 11 550 ibT 


range of values was observed and the best phototube was selected for use 
in the instrument. In addition to variation in sensitivity from one photo- 
multiplier tube to another, there is also a variation in sensitivity at 
different points on the photosurface of the same tube, as recent work by 
Fitz-Hugh Marshall, J. W. Coltman, and A. I. Bennett (1948) has shown 
(9). In order to obtain electrical pulses from the photomultiplier which are 
independent of the position of the particle in the aerosol stream, the light 
pulses must fall on practically the same portion of the photosurface. This 
is accomplished by using a collecting lens system of sufficient depth and 
breadth of field, and focusing the image of the particle at H2 (Fig. 1) some, 
distance in front of the photosurface, so that the scattered light appears as 
a diffuse spot on the photosurface, covering a good fraction of the total 
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area utilized for particles in all possible positions within the illuminated 
volume. This fraction, which measures the uniformity of response, will 
approach unity as the cross section of the aerosol stream is decreased. 


General Electronic System 


The small electronic pulse from each aerosol particle can be amplified 
without distortion with a wide band-pass amplifier, However, because of 
the high-frequency components of the noise from the photomultiplier 
tube, discussed (2) by R. W. Engstrom (1947), the output noise will 
increase with the band width; hence a wave-filter circuit is advanta- 
geous to attenuate the higher frequencies and improve the signal- 
to-noise ratio. The output voltage still will be proportional to the input 
for all pulses of the same duration. This condition is fulfilled by our optical 
system in which each particle is illuminated for practically the same length 
of time, regardless of its position in the aerosol stream. 

The block diagram of the complete electronic system is shown in Fig. 
3. Since a 60-cycle rejection filter visibly distorted 1-millisec. pulses, it 
was discarded and the ripple was reduced by shielding all leads and operat- 
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Fie. 3. Block diagram of electronic circuits. 
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ing the heater and plate of the preamplifier from batteries. The amplifier,® 
oscillograph,” electronic voltmeter," and electronic counter 2 were 
standard instruments. The rate meter, developed by Don M. Yost (16) 
and collaborators (1941), was used to provide ‘rapid indication of high 
counting rates with an accuracy of about 5% when calibrated with 
uniformly-spaced pulses from ‘Yost’s pulse generator. 


Preamplifier - 


The diagram of the photomultiplier and preamplifier circuit is shown 
in Fig. 4. A regulated power supply, continuously variable from about 
— 300 to — 800 v., is applied across the 100-K dividing resistors connected 
to the various dynodes of the photomultiplier. The external connections 


-OOIMFD 


“HY. +150V. 
REGULATED BATTERY 
SUPPLY 


AMPLIFIER 


Fig. 4. Photomultiplier and preamplifier curcuit. 


are made through pin jacks in the cap W of the housing of the phototube 
and preamplifier. The frequency response of the preamplifier is very flat 
from 200 to 200,000 cycles, as shown in Fig. 5a. Here the gain is given in 
decibels, where 1 db = 20 logioA, and A is the voltage amplification. 


Wave Filter 


This consisted of a 0.1-megohm resistor in the high side in series with a 
0.01-uf. condenser to ground. The output signal from the filter was taken 
across the condenser. This arrangement, essentially an integrating circuit, 
attenuated the high-frequency components of the noise considerably more 
than the pulses due to smoke particles. 

® Type 450A, Hewlett-Packard Company, Palo Alto, California. 
10 Type 247, Allen B. DuMont Laboratories, Passaic, New Jersey. 


1 Type 400A, Hewlett-Packard Company, Palo Alto, California. 
2 Type 140A, Potter Instrument Company, Flushing, New York. 
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The Differential Pulse-Amplitude Selector (DPAS) Circuat 


This unit, shown in Fig. 6, was designed to give pulse-amplitude-dis- 
tribution data in conjunction with the rate meter or electronic counter. 

The amplified pulses from the counter, about 0.4 v. or more, are fed 
into the input attenuator (50-K potentiometer), through the 0.02-uf. 
coupling condenser to the phase-inverter stage V1. The switch SW2 in the 
negative position sends the pulses from the cathode, and in the post- 
tive position from the plate, through the 0.02-uf. coupling condenser and 
the network consisting of the 500-uyf. condenser and two 100-K resistors 
to the grid of the triode amplifier stage V2. The amplification of the com- 
bined stages V1 and V2 at 1000 cycles/sec. is adjusted to 5.0 by means of 
the 1-K (adjust gain) potentiometer which controls the cathode feedback. 


POSITIVE POSITION 


D0.B. GAIN 


20 100 1,000 10,000 100,000 
FREQUENCY (CYGLES PER SECOND) 


Fie. 5. Response curves: (a) photomultiplier preamplifier, 
(b) phase inverter and first amplifier stage, DPAS. 


The amplification at the higher frequencies was adjusted to about the 
same level for both positions of SW2 by selecting suitable values of the 
capacitance between SW2 and ground (75-upf.) and the capacitance 
(0.006-vf.) and resistance (1-K) shunting the adjust gain control. The 
response curve was flat within + 1 db from 200 to 200,000 cycles/sec., 
as shown in Fig. 5b. 

The amplified pulses from V2 are fed to the differential pulse selector 
circuit, consisting of V3 and V4, with SW3 in the select position, or 
directly to the amplifier stage V12 with SW8 in the direct position. The 
bias circuit shown in the lower left section of Fig. 6 supplies sufficient 
negative potential to the grids of the thyratrons V3 and V4 to prevent 
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them from firing. The output circuits of the two tubes are opposed to each 
other through coupling to the center-tapped 3:1 audio transformer 71, as 
in the differential pulse amplitude circuit (14) of A. Roberts (1940). A 
pulse firing the low-limit tube V3 alone will trigger the multivibrator 
stage V7-V8, while a pulse firing both V3 and V4 almost simultaneously 
will not trigger the multivibrator. The intermediate stages V5, V6, and 
V12 amplify the pulse sufficiently to insure positive triggering of the 
multivibrator. When SW5 is in the delay position, the R-C combinations, 
each consisting of a 1-megohm resistor and 0.002 uf. condenser, in the grid 
and plate circuits of V5 delay the peak value of the pulse from the low- 
limit thyratron V3 so that cancellation will be effected even when the 
high-limit thyratron V4 fires about a half millisecond later. 

The bias-control circuit was developed to permit direct reading of the 
lower and higher voltage limits between which pulses will be counted. SW5 
was inserted to decrease the resolving time of the selector circuit and might 
be used in the fast position for pulses with very short rise times. Prelimi- 
nary tests indicated that the resolving time could not be improved signifi- 
cantly, however, and that some revisions might be necessary if the fast 
position is employed. 

The high-limit switch SW4 can be turned off to count all pulses firing 
the low-limit thyratron. With SW8 in the direct position, the pulses can 
be fed directly to V12, and the 20-K mv. bias potentiometer can be used as a 
low limit discriminator. In this case SW2 should be in the negative 
position in order to obtain a positive pulse from V12. The count switch SW6 
simultaneously controls the timer and the output to the counter. 

The entire unit is operated from a regulated a.c. line. The VR-stages 
tend to decrease warmup time and make operation of the circuits inde- 
pendent of the counting rate, which to some extent determines the power 
requirements. Various R-C filters in the voltage supply lines minimize 
interaction of the circuits to provide stable operation. 

The tests of the DPAS circuit with a pulse generator showed that 
uniformly-spaced pulses could be counted at rates up to 250/sec. This 
places the resolving time of the unit at about 4 millisec. With randomly- 
spaced pulses, the maximum counting rate will be lower, depending upon 
the coincidence error which can be tolerated. 


EXPERIMENTAL METHODS 
Adjustment of the Optical System 


The various units, mounted on the optical bench as shown in Fig. 1, 
were adjusted to align the centers of the ribbon filament, the auxiliary 
lens holder B and condensing lens holder G. The source slit EZ, about 1.5 
mm. X 4 mm., was then placed at the exact center of the slit holder and 
the final adjustment was made by moving the lamp along the optical axis 
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until the central section of the image of the ribbon filament was sharply 
defined upon the source slit. Next, a stream of cigarette smoke was drawn 
through the smoke tube 7’; at the standard flow rate of one 1. /min. With 
an oversize source slit at H, the retainer D; was cut down to the length 
shown in the scale drawing, to bring the image of the smoke stream into 
the plane of the viewing slit. 

The adjustment of the slit holder F along the optical axis of the con- 
densing system was made by removing the slit H2, and viewing the image 
of the smoke stream from above. With the 3-mm. (3-in.) smoke tube used 
in the tests described below, the retainer was moved in and out of the lens 
holder G to bring the narrowest portion of the image in the center of the 
bright smoke stream. With a smaller smoke tube, the adjustment can be 
made to minimize the image dimension normal to the axis of the con- 
densing lens system. 

The vertical adjustment of the source slit ZH; was made by placing a 
circular black stop, about 25 mm. in diameter, on the optical axis just in 
front of the auxiliary lens holder B to cast a shadow, from which the smoke 
stream was viewed along the optical axis of the condensing lens system. 
The slit was readily adjusted to cover the entire smoke stream. 


Adjustment of the Electronic Circuits 


In connecting the various units together all of the grounds and shields 
_were tied to a common point to prevent a.c. pickup. The amplifier was 
operated at either 20 db or 40 db. 

To adjust the bias control circuit, the dials on low limit and high limit 
potentiometers are set to read zero at the low ends of the resistance scales. 
Then the adjust low and adjust high controls are turned in succession until 
20.0 v. is measured on a high-impedance voltmeter between each of the 
ground ends and the movable contacts, with the low limit and high limit 
potentiometers at dial settings of 10.0. With the low bias and high bias 
controls moved all the way to the right, putting the maximum negative 
bias on the thyratron grids, the low limit and high limit controls are turned 
to the left, to read zero. Then, the bias controls are set just below the 
points at which the thyratrons fire. This is conveniently done with an 
oscilloscope between ground and the grid of V5. 

When these adjustments are completed, the dials give a reading pro- 
portional to the voltage of the pulse required to fire the respective 
thyratrons. With an amplification of 5.0 in the phase inverter-amplifier 
stage, and with 20.0 v. across the low and high limit controls, this corre- 
sponds to 4.0 v. at the input for the full-scale limit setting of 10.0 when the 
attenuator is also at its full-scale position. With the attenuator at some lower 
setting, the voltage of the input pulse of positive or negative polarity 
(determined from the position of SW2) which will just fire the corre- 
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sponding thyratron will be given by the equation: 


_ limit setting X 4.0 
°» ~ “attenuator setting’ 


where the full-scale setting for both dials is taken as 10.0. This permits 
selection of a band of pulses within a range between 0.4 and 40 v. before 
excessive errors arise in reading the dials. 

Unless otherwise specified in the tests described below, the DPAS 
circuit was operated with the high limit switch on, SW2 on positive, SW3 
on select, and the integrator circuit switch SW5 on delay. In addition the 
attenuator was normally kept at 10.0. 

After the light source was turned on, the regulated high-voltage power 
supply was connected to the 931-A tube, and in each experiment the high 
voltage was adjusted to give a reading of 50 my. on the electronic 
voltmeter, connected across the output from the amplifier. This provided a 
standard operating level for the phototube, which could conveniently be 
checked with the rotating sector as described under ‘‘Phototube’”’ above. 


TESTS OF THE IMPROVED COUNTER 
Stray Light 


The stray light in the optical system appeared at the viewing slit as 
a faint bluish haze, which could be extinguished by a polaroid oriented at 
0° to eliminate the component with the electric vector vibrating normal 
to the plane of the condensing and viewing lens systems, and reappeared 
when the polaroid was turned to 90°. This indicated that most of the stray 
light was caused by scattering from the air molecules within the sensitive 
volume. When the air was replaced by filtered helium, with a lower re- 
fractive index, the stray light decreased noticeably. More careful tests 
were then made by the method described above for testing phototubes. 
After measuring the two polarized components with filtered air at atmos- 
pheric pressure, the pressure was reduced a known amount and measure- 
ments were again made. Results are shown in Table II. 

The equation (13) developed by Rayleigh (1871) shows that the 
intensity of scattering from a fixed volume of air will be proportional to 
the pressure. Since the pulse voltage is proportional to the total intensity, 
and the intensity of stray light reflected from the baffles can be regarded 


TABLE II 
The Effect of Polaroid Setting and Air Pressure on Scattered Light 
re yeeure fue voltage for polaroid potas 
76 2.5 0.25 


28 1.3 0.15 


COLLOIDAL PARTICLES 5595 
as a constant, we may write the relation 
(2.75 — v,)/(1.45 — v.) = 76/28, 


from which we obtain for v,, the voltage of the pulse which would be 
obtained if the system were evacuated, a value of 0.7 v. Thus the stray 
light from the optical system is only about one-third the light scattered by 
the air molecules at atmospheric pressure. 


Distribution of Noise Pulses 


A study was made of the voltage distribution of the background counts 
due to dark current alone and to dark current plus stray light. In each 
case the am plification of the photomultiplier was adjusted to maintain the 
average noise voltage, read by the electronic voltmeter, at a constant level 
and the low-limit switch of the DPAS was used as a discriminator, with 
the high-limit switch turned off. The voltage distribution of counts is quite 
different in the two cases, as shown by the second and third columns of 
Table III. The difference is due to the fact that the photocurrent at the 


TABLE III 


Counts per Minute for Background and for Aerosols of BG and S, with Standard 
Amplification* and Other Conditions Varied 


Ribbon filament lamp 


_ Low limit Dark back- Carbon are, 
voltage ground ‘ 4 BG aerosol 
Background | BG aerosol a Aloe oer 
Mec chimedel’: 2 Plo. 
0.16 5400 
24 6500 200 1550 1960 4250 2940 
32 2000 1 1140 1290 1580 
40 1200 0 915 1040 501 2070 
48 680 
56 540 770 42 1570 
64 650 
80 100 470 500 5 1320 
1.20 8 240 
1.60 0.8 140 213 620 
2.00 .03 130 
2.80 50 
3.20 28 350 
4.00 20 
6.40 164 
12.8 92 
20.0 26 


¢ Photomultiplier voltage adjusted to give 50 mv. background reading on electronic 
voltmeter. 
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Fic. 7. Oscillograph records of background and particle counts, with average back- 
ground noise = 50 mv.: (a) typical background noise pattern, (6) pulses from BG 
particles, (c) pulses from 8-order sulfur particles. 


cathode is widely different in the two cases, and with decreased cathode 
current the statistical fluctuations become relatively more important. 

Photographs of the background noise pulses made with a DuMont- 
Fairchild oscillograph-record camera™ are shown in Fig. 7a. 


Tests with BG Smokes 


An aerosol of Bacillus globigit (BG) spores was set up in the usual way 
(4,5) from an aqueous suspension containing 1.3 X 10° spores/ml. It 
was passed through four sheets of fiber-glass paper under constant 
conditions, to reduce the concentration to a suitable level before it was 
put through the counter. The amplitude distribution of the pulses then 
was obtained under the standard conditions of operation as in the case of 
the background pulses. Repeat counts on the pulses above 0.40 v. during 
the course of the run were constant within + 10%. Data are shown in the 
fourth column of Table III for the count distribution corrected for the 


8 Type 314, Allen B. DuMont Laboratories, Inc., Passaic, New Jersey. 
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ea noise counts. An oscillogram of the BG pulses is shown in 
ig. 7b. 

In another test with the BG aerosol, an attempt was made to improve 
the signal-to-noise ratio by using a polarizer to decrease the background 
light in the optical system. When the phototube high-voltage supply was 
increased to bring the average background noise to the normal 50 mv. 
there was a slight increase in the counting rate as shown in the fifth 
column of Table III. 

Test with 8-Order Sulfur Sol 


A sulfur sol was prepared following the method of La Mer (1,7,8) and 
collaborators (1945, 1946) by mixing 0.0005 M solutions of HCl and 
Na2S2Os;, and allowing them to stand at room temperature for 50 hr. At 
that time a series of eight red bands was observed in the Tyndall beam, 
indicating sulfur particles about 1.0u in diameter. A sample of the sol was 
transferred to the spray-type generator and an aerosol was put up under 
the conditions used with the BG above. Data are given in the sixth 
column of Table III, and an oscillogram of the pulses is shown in Fig. 7c. 
Both the data and the record indicate that the scattering around 90° was 
less for the 8-order sulfur particles than it was for BG particles under the 
test conditions. 

Test With Carbon-Arc Projection Lamp 


The arc-feed unit’ was adjusted to give an arc about 50% longer than 
the recommended value. This was found to give maximum brightness with 
an operating current of 42-46 amp. A metal slit, about 3 mm. X 6 mm., 
was inserted at the focal plane of the elliptical mirror, which was adjusted 
to give a speed of f: 2.2. This slit was followed by a piece of heat-absorbing 
glass and the auxiliary lens holder B shown in Fig. 1. The system was 
adjusted until the slit occupied the former position of the ribbon filament. 
A polarizer in the incident beam was set at 0° to decrease background light 
in the system and the high-voltage supply was adjusted to give the stand- 
ard noise level in the usual way with filtered air through the cell. The data 
obtained for a BG aerosol under the same conditions as in the earlier 
tests are given in the last column of Table III. 

Successful use of the high-intensity carbon arc source is due to the 
very: low level of background illumination in the optical system. Thus, 
fluctuations which would have caused spurious counts in the original 
small angle cell were not troublesome here. Comparison of the data in 
Table III indicates about a threefold increase in signal-to-noise ratio, 
since aerosols of comparable concentrations were being measured. 


DISCUSSION 


The intensities of the light scattered at about 90° by individual BG 
particles and sulfur particles of about equal size can be compared from the 
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data of Table III and Figs. 7b and c. These show that the average pulse 
obtained from a BG particle is considerably larger than that from a sulfur 
particle. The exact scattering functions of the BG particles cannot be 
calculated because of their irregular shapes, approximate ellipsoids of 
revolution with a major axis of 1.2 » and a minor axis of 0.8 yu. The refrac- 
tive index of bacterial particles is relatively low (12) according to G. Oster 
(1948), while that of sulfur is high. In general, the scattering intensity is 
expected to be greater for particles of higher refractive index. The 
apparent anomaly was first attributed to a surface structure which might 
increase the scattering from a BG particle. Later, however, it was recalled 
that the BG particles could not be counted when a dilution apparatus 
which we had developed was substituted for the filter pad. This indicates 
that the scattering intensity at 90° was reduced by dilution, which is 
attributed to further drying in the apparatus. Some previous unpublished 
data (11) obtained by C. T. O’Konski (1946) with our 90° concentration 
meter (6) had given similar indications which had led to the adoption of 
standard flow rates, to keep a constant level of humidity in the aerosol 
produced in the spray-type generator. Tests of aerosols containing bac- 
terial particles should be carried out under conditions of controlled humid- 
ity, since water around aerosol particles will affect the filtering, as well 
as the light-scattering properties. 

The differential pulse amplitude selector was only used as a simple 
low-limit discriminator in the work described above, but electronic tests 
showed that the high-limit circuits also functioned satisfactorily. Some 
differential counts, not presented here, were obtained with the instrument, 
although the BG and 8-order sulfur particles gave too-small a signal-to- 
noise ratio for optimum application of this feature. 

The light scattering from very small particles is proportional to the 
sixth power of their diameter, as calculated (13) by Lord Rayleigh (1871). 
Scattering from particles comparable to the wavelength of the light goes 
through a complicated transition range (7), while that for large particles 
is proportional to the square of the diameter, as calculated (10) by G. 
Mie (1908) for isotropic spheres. R. C. Tolman (15) and his collaborators 
(1919), showed experimentally that the intensity of light scattered at 
about 90° by particles of ground silica, from 2-20 » in diameter follows 
this square law. On the basis of results with the 8-order sulfur sol, the 
square-law scattering relationship, and the measured stability of the 
ribbon-filament light, it is estimated that this apparatus will classify 
particles 1u in diameter and larger into 1-y size-range groups with a 
resolution of about 5-10%. For smaller particles, however, the resolution 
will of course depend upon the signal-to-noise ratio of the instrument. 

Since the background light in the optical system was mainly that 
scattered by the air molecules, it can be decreased considerably by reduc- 
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ing the sensitive volume of the optical system, now about 1.5 X 3.5 X 1.3 
mm., or 7 mm.* This easily can be cut down to 1.0 X 1.0 X 0.7 mm. or 
1.7 mm.’, if a 0.8-mm. (34-in.) smoke inlet tube is used. Simultaneous 
fourfold reduction of the linear flow rate with a corresponding increase of 
the time constant of the RC wave filter should reduce the output noise 
level by a factor of about three. This should allow detection of particles 
0.6—0.7 » in diameter and their convenient study up to concentrations of 
10° particles/I. 
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SUMMARY 


We have described an improved photoelectronic counter employing 
right angle light scattering, with a new optical system in which stray 
light has been reduced to an extremely low level. Studies of various light 
sources show that the ribbon-filament tungsten lamp with its uniformity, 
stability, and large area, is most suitable for this instrument. 

Test of sulfur aerosols made by spraying monodisperse sulfur sols 
showed that particles of 1.0u diameter can just be detected. Spores of 
Bacillus globigit (about 0.8 X 1.2 «) produced by a spray-type generator 
were easily counted, but lower humidities decreased the intensity of the 
scattered light until these particles did not register. The effect is attrib- 
uted to absorption of water by the particles which increases their scat- 
tering at high humidities. 

Design considerations influencing the determination of particle-size 
distribution of aerosols with this photoelectronic counter are discussed, 
and electronic circuits are described, capable of counting those pulses 
within a predetermined and adjustable size range. 

Measurements on the optical system indicate that for larger spherical 
particles, the pulses will be characteristic of particle diameter within 
5-10%. For smaller particles the accuracy is limited by the signal-to- 
noise ratio. 
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INTRODUCTION 


The silver halide solvent, sulfite ion, is always present in practical 
developing solutions which employ organic developing agents. The con- 
ventional solutions contain up to 100 g. of Na2SO3/1. The sulfite is added 
primarily to decrease the rate of loss of developing agent by aerial oxida- 
tion and to remove or prevent the formation of the quinone or quinone- 
like oxidation products of the development reaction, which otherwise 
would undergo a decomposition-polymerization reaction with the forma- 
tion of staining material. The solvent action of the sulfite ion, however, 
has some effect upon the course of development itself under most practical 
working conditions, and the extent of this effect will vary considerably 
with the conditions. The solvent action of the sulfite is responsible for the 
“fine-grain” properties of such slow-working developers as Kodak develop- 
ers, D-76 and D-25. If the rate of development is very low, the solvent action 
of the sulfite may prevent direct development from occurring and cause 
a complete shift to physical development (1). An extreme example of this 
effect occurs with hydroquinone solutions of pH below 9.0, where the 
presence of sufficient sulfite can prevent any development from taking 
place except a small amount of physical development, although normal 
development is readily attained in the absence of sulfite or in the presence 
of only small concentrations thereof. 

The solvent action of sulfite under some conditions can influence 
development by uncovering internal latent image and making it available 
for direct development. The facts that developers containing high sulfite 
concentrations give considerably less solarization reversal than sulfite- 
free developers and that the solarization becomes less pronounced as 
development time is increased in the high sulfite developer stem from the 
same cause. The sulfite dissolves off the sheath of AgBr which protects 
the “solarized” latent image from direct attack by the developer. 


1 Communication No. 1264 from the Kodak Research Laboratories. 
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Study of the solvent action of sulfite in the developer is complicated 
by the simultaneous occurrence of developemnt. In the present investiga- 
tion, this complication was avoided by the expedient of treating the 
photographic material with a simple sulfite solution and carrying out 
development subsequent to this treatment. It was shown that the sulfite 
can interfere with development by isolating latent-image nuclei from the 
grain. This action is more pronounced in the high- than in the low-ex- 
posure regions. The photographic result is a reversal in the high-exposure 
regions. 

EXPERIMENTAL PROCEDURE 

A standard motion-picture positive-type film was employed in most of 
the work. Strips of this film were exposed on the Eastman IIB Sensitom- 
eter, were washed for varying times in the solvent, and were developed 
under standardized conditions. 

The washing was carried out in an apparatus designed as an inter- 
mittent batch washer. The wash solution was contained in an earthen- 
ware crock of about 70 1. capacity. The temperature of the wash solution 
was controlled by circulating water of the desired temperature through a 
stainless-steel coil inside the crock. A tube from the bottom of the crock led 
into the washing chamber itself. Flow of solution through the tube was 
controlled by a valve system consisting of a short length of rubber tubing 
and a pressure clamp which could be operated by air pressure. The clamp 
closed when the pressure was applied; when the pressure was released, 
steel springs forced the clamp open. The washing chamber was of stainless 
steel and held approximately 4 1. of solution. A solenoid-operated dump 
valve was located at the bottom of the chamber. The washer was con- 
trolled by an electric timer which operated on a 3-min. cycle. Approxi- 
mately 20 sec. were required to empty the chamber through the dump 
valve. This valve then closed, and the air pressure on the intake valve was 
released by means of a solenoid-controlled air valve. About 15 sec. were 
required for the chamber to fill with wash solution. The intake valve then 
closed. A float operating through an electric relay was used to open the air 
valve and thus close the liquid intake valve. The wash solution was 
agitated by means of nitrogen led in through the bottom and discharged 
through a series of tiny orifices in a tube extending the length of the cham- 
ber bottom. The film was held in place on stainless-steel racks. 

One bad feature of the batch washer is the time required to empty the 
chamber and to fill it again. This causes some unevenness of washing be- 
tween the top and bottom of the film. In the present experiments, the 
effect of this unevenness was slight but noticeable. Wherever the Ray 
effect was of importance, however, it was minimized by using a directional 
pair of sensitometer strips and taking the average density point by point 
as the true value. While this method does not lead to a complete correction, 
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control experiments showed that it was quite adequate for the present 
purposes. 


Experimental Results Obtained with a 2% Sodium Sulfite Solution 


The initial experiments with a 2% Na,SO; solution as the washing 
medium were carried out with the wash solution at 25°C. and development 
for 2 min. in the Kodak developer, D-16, at 20°C. The film was trans- 
ferred directly from the wash solution to the developer in most experi- 
ments, since preliminary experiments had shown that little or no change 
was effected by giving the strips an intermediate washing in water. 


Total Ag 
9/100 cm* 


0.048 


0.0365 


-0.55 Log E = 1.15 W75 (eh) 


Fic. 1. Characteristic curves for film washed for varying times in 2% 
Na.SO; solution prior to development. 


Strips which had been washed only a few minutes in the sulfite solution 
showed apparent latensification in the lower exposure regions. At longer 
washing times, reversal occurred in the shoulder regions. The maximum 
density decreased with increasing washing times, and the reversal became 
more pronounced. A family of curves representing a series of washing times 
is given in Fig. 1. At the heavy-exposure end of the sensitometer strips, 
the main image area is separated from the halation fringe by a “Mackie 
line” of lower density than either. Thus, for the 30-min. strip of Fig. ids 
the density of the main image area of the highest exposure step is 0.73, 
the density of the halation fringe is 0.99, and the density of the separating 
line is 0.62. j 

As washing proceeds, the total silver halide content of the film de- 
creases almost linearly with time after an initially more rapid decrease in 
the first few minutes. The data for the silver content at various stages of 
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washing are given on the right-hand side of Fig. 1. The reversal is not 
associated with a change in the silver halide content of the film from one 
exposure area to another, insofar as could be detected analytically. Silver 
values were obtained at various points on a strip of washed film which 
corresponded closely to the 30-min. strip of Fig. 1. The silver values ob- 
tained are as follows (g. Ag/100 cm.?) : 0.0297 g. for log H = 2.5; 0.0291 g. 
for log E = 1.55; 0.0297 g. for log E = 0; and 0.0296 g. for the unexposed 
area. All silver determinations were made by D. 8. Brooks and T. Davis, 
of these Laboratories. 
The latent-image material itself is affected by the sulfite wash to a 
much smaller degree than the developability of the silver halide grains. 
This is shown by experiments on physical development of the washed 
strips. Fig. 2 shows some results. The strips were fixed 4.5 min. in a solu- 
tion containing 5% hypo and 0.5% KOH, washed 40 min. in running 
water, then developed 2 hr. in a p-phenylenediamine physical developer 
(2). Nitrogen agitation was used during the development, which was 
carried out at 20°C. It is noteworthy that the slufite washing has caused 
no reversal for physical development. 


Washing Time 
° 


45 Min. 
60 Min. 


90 Min. 


0.55 Log E « 115 1.75 239 


Fic. 2. Physical development of film washed in 2% Na2SO; solution. 


The reversal curve bears a striking similarity in appearance to the 
solarization curve. As already mentioned, however, the usual effect of 
sulfite is to remove or diminish solarization. Moreover, the reversal ob- 


tained by washing the film with sulfite solution does not result from any | 


entombing of the latent-image nuclei. This is shown by the results of 
experiments on the change in internal image with washing time. Fig. 3 


shows the results of 45 min. washing on the internal image. Curve 1 repre- __ 


sents the normal internal image of the unwashed film as determined by 
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bleaching the surface image in a solution of 2.5 g. of K2Cr20, and 1. 33 ce. 
of H,SO,./1l. The bleaching time was 3 min. The film, after a water wash, 
was developed 6 min. in a solution of the Kodak developer, D-19, to 
which 10 g. hypo/1. had been added. Curve 2 shows the reversal obtained 
by developing in the D-19 plus hypo solution an unbleached strip which 
had been washed in 2% sulfite solution for 45 min. Curve 3 represents a 
similarly treated strip which had been bleached after the washing but 
before development. The amount of latent image unaffected by the chro- 
mic acid bleach after 45 min. wash is quite small. 


Internal image 
Unwashed 


Total tmage 
After 45 Min, Wash 


Internal Image 
After 45 Min, Wash 


0.55 Log E = «tS 75 2.35 


Fic. 3. Effect of washing in 2% NazSOs solution upon 
developability of the internal latent image. 


Addition of 0.005% lauryl pyridinium p-toluenesulfonate to the 2% 
Na.SO; solution eliminates the reversal. This effect is illustrated by the 
curves reproduced in Fig. 4. When the film was first washed in 2% sulfite 
solution and then bathed for 5 min. in the sulfite-pyridinium solution, 
however, the reversal was as marked as that produced by the sulfite alone, 
showing that the effect of the quaternary salt was on the solution of silver 
halide by the sulfite, not on the subsequent development process. 

The reversal obtained by washing exposed film in sulfite solution prior 
to development is not confined to the particular emulsion used. Marked 
reversals were obtained with two other positive commercial emulsions, 
one of the “boiled” type, the other of the ‘‘ammonia”’ type (3). Similar 
reversals were obtained with 2 simple emulsions prepared according to the 
directions given by Trivelli and Smith (4). One of these was a pure bromide 
emulsion, the other contained 2.56 M-% iodide. 

A marked reversal can be obtained by bathing the film in a single 
solution of Na:SO, provided that sufficient agitation is employed. The 
curves obtained from the developed strips are almost identical in form 


566 T, H. JAMES 


Washing Time 


20 Min. 


0.55 Log E = 1.15 1.75 “235 


Fic. 4. Characteristic curves for film washed in 2% Na2SO:; solution containing 
0.005% lauryl pyridinium p-toluenesulfonate. 


with those obtained by the batch-washing technique, but longer times 
are required to attain the same loss in density. 

All data given thus far have been corrected for fog. The fog values, in 
general, increased at first with increasing washing time, then passed 
through a maximum, and decreased. No difference in fog values was noted 
between film which had been given no treatment except the sulfite wash 
and film which had been bathed for 3 min. in the acid bichromate solu- 
tion and then washed. Data are given in Table I. 

Gold latensification (2) of the film before the washing operation had 
only a small effect upon the final result. The gold treatment increased 
somewhat the rate of loss of density with time of washing and shifted the 
maximum density towards lower exposures. The general shape of the 
reversal curve was not changed, however. 


TABLE I 


Fog Values Obtained for Different Times of Washing in 2% Na2SO3; Solution. 
Development Was for 2 Min. at 20°C. 


Time be) at Fog for ‘‘bleached”’ film Fog for ‘‘unbleached’’ film 

0 0.02 0.02 

6 .07 07 
15 14 11 
24 14 14 
30 19 16 
39 19 18 
48 .20 W/ 
60 19 15 
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Results with Ammonia Solutions 


' An ammonia solution wash affects the toe of the characteristic curve 
in much the same way as the sulfite wash. Short washing times produce an 
increase in developed density, whereas longer washing times are accom- 
panied by a loss in density. The shoulder of the curve starts to bend over 
even at quite short washing times, and the maximum density decreases 
regularly with increasing time of washing. A slight reversal was obtained 


1Min, 1S Min, 25 Min, 


Woshing Time 


45 Min. 


0.55 Log E = LIS 1.75 2.35 


Fic. 5. Characteristic curves for film washed in 0.6 M NH; solution before development. 


in some experiments, no reversal in others. Only slight increases in fog 
were observed. Fig. 5 illustrates the results obtained with 0.6 M ammonia 
used in the batch washer. Similar results were obtained by bathing the 
film in the developing machine with a single charge of 0.937 M ammonia, 
using paddle agitation. No loss in latent image for post-fixation physical 
development resulted from the ammonia washing. On the contrary, slight 
latensification occurred. 


Results with Sodium Thiosulfate Solutions 


Results similar to those obtained with sulfite were obtained by washing 
the exposed film in a dilute solution (e.g., 0.18%) of Na2S.03. The reversal, 
although definite, was not so marked as that obtained with the sulfite 
treatment. The solvent action of the hypo on the film was, however, quite 
uneven with respect to depth in the emulsion layer. The image obtained 
on development was much weaker at the emulsion-solution surface than 
at the emulsion-support surface. No gradation of this type was noticed 
when sulfite solution was used as the washing medium. 
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Discussion 


Loss of silver halide on washing in the NazSOs:, ammonia, and Na2S203 
solutions can only partially account for the observed loss of developability. 
It cannot account at all for the reversal obtained with the sulfite or thio- 
sulfate solutions. The solvents evidently isolate some of the latent-image 
centers from the grains by dissolving silver halide from around them, thus 
preventing direct development from occurring. Even with the “‘internal”’ 
developer (D-19 plus hypo), little physical development of the isolated 
nuclei occurs. 

The reversal obtained with sulfite and thiosulfate washes probably is 
a result of a charge effect acting upon the rate of solution of the silver 
halide. Several writers have suggested that the negative-charge barrier 
surrounding the silver halide grain is depressed locally at the latent-image 
centers. Schwarz and Urbach (5) originally suggested that such a depres- 
sion in the charge barrier constituted the latent image. This extreme form 
of the charge theory is known to be incorrect, but the possibility remains 
that a localized depression is associated with the latent-image silver 
specks, 

The sulfite reversal may be attributed in a large degree to such a 
depression in the charge barrier. Sulfite ion, having a double negative 
charge, will be repelled by the negative charge of the silver halide surface, 
and only sulfite ions of higher than average kinetic energy can overcome 
this repulsion and reach the surface of the grain under ordinary conditions. 
If a localized depression in the barrier exists in the neighborhood of the 
latent-image centers, a larger fraction of the sulfite ions will be able to 
reach the surface at these points than at points distant from the latent- 
image centers, The rate of solution of silver halide in the neighborhood of 
the latent-image centers accordingly will be greater than at other points 
on the silver halide surface. 

The magnitude of the charge barrier should be smaller the larger the 
latent-image speck. Accordingly, the rate of solution of the silver halide 
around the large silver centers should be higher than that around the small 
centers. The large centers thus will be isolated from the silver halide 
grain more quickly than the corresponding smaller centers, and a relative 
decrease of developability will occur in the higher exposure areas. 

The action of lauryl pyridinium p-toluenesulfonate in eliminating the 
reversal is exactly what would be expected if the hypothesis just outlined 
is the correct explanation of the reversal. The pyridinium salt strongly 
depresses the charge barrier over all of the grain surface and, thus, should 
“iron out”’ completely, or to a large extent, any localized variations in the 
barrier. The fact that little or no variation in total silver halide content 
with exposure was detected after washing the film in sulfite solution does 
not invalidate the preceding speculation. The areas of the latent-image 
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specks are extremely small in comparison with the total area of the grain 
surface, so that a large variation confined to a very small area would not 
be detected by the usual analytical methods. 

The slight reversal sometimes obtained with ammonia washing evi- 
dently cannot be explained in this way. Some tendency favoring prefer- 
ential isolation of the large specks must exist, apart from a differential 
charge effect. This is not surprising, however. Simply from space consid- 
erations, it might be expected that the silver/silver halide interface would 
be under a greater strain for the large specks than for the small ones, and 
the silver may even break away from the silver halide along some portion 
of the interface. Some of the same factors which cause the silver halide to 
be more readily reduced by a developer at the silver/silver halide interface 
may act to make the silver halide dissolve more rapidly at such points. 


SUMMARY 


The developability of several positive-type photographic emulsions is 
decreased by washing the exposed film in a 2% Na2SOs solution before 
development. The maximum density obtained on development decreases 
regularly. with increasing time of washing. Agitation of the washing solu- 
tion markedly accelerates the effect. The washed film shows a large 
reversal in the high-exposure areas. The density at the highest exposure 
used often is less than half of the maximum density. No reversal occurs if 
lauryl pyridinium p-toluenesulfonate is added to the wash solution. 

Developability is decreased by washing the exposed film in NH,OH 
(0.8 M-1.0 M) and in dilute Na2S.0; solution. No reversal, or at most a 
slight reversal, was obtained with the film washed in ammonia. Definite 
reversal was obtained with the film washed in dilute hypo (0.183%), al- 
though the reversal was not so marked as that obtained with the sulfite 
wash. 

The washing procedures used do not attack the latent-image material 
(ammonia), or attack it to only a slight extent (sulfite), as shown by the 
slight effect of the washing upon subsequent post-fixation physical devel- 
opment. The washing isolates the latent-image nuclei from contact with 
the grains. The reversal can be explained as primarily a charge effect. 
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INTRODUCTION 


The possibility of studying hydrophobic monolayers isolated by ad- 
sorption from aqueous solution had been suggested by previous experi- 
ments (1,2) in which oleophobic monolayers isolated by adsorption from 
various organic solvents had been found to be reproducibly hydrophobic. 
It was hoped that the application of similar techniques to aqueous systems 
would implement the study of hydrophobic monolayers and allow the 
comparison of the resultant films with those described earlier. Moreover, 
a method was desired for investigating many classes of amphipathic polar 
molecules which, although able to adsorb as monolayers from organic 
solvents, were not oleophobic. Such compounds could not be isolated from 
oil solutions by the dipper technique (1) because the dipper emerged from 
the solution covered by a thick layer of liquid adhering to the underlying 
monolayer. With the use of either solvent or evaporation techniques to 
remove this layer there arises the possibility that the monolayer may be 
damaged by the solvent or that a residue of solute may be left on top of the 
monolayer as a result of evaporation. When polar molecules can be ad- 
sorbed as a film unwetted by the solvent, these difficulties are obviated. 

The adsorption of hydrophobic films on solids from aqueous solutions 
is basic in the formation of water-repellent coatings and corrosion-inhib- 
ited and peptized systems. Such films also play an essential part in 
processes for the flotation separation of a variety of minerals. Wark, 
Taggart, Gaudin, Cox and others have investigated the formation of 
hydrophobic films on minerals and the adhesion and wetting phenomena 
involved in the contact of film-covered solids with bubbles of air, and a 
valuable survey of fundamental knowledge of the subject up to the be- 
ginning of World War II has been given by Wark (3). The‘close relation 
between the formation of hydrophobic films on ferrous metals and the 
property of inhibiting rusting has been remarked for a decade. Recent 
investigations of this laboratory (4,5) have clarified and extended the 

1 The opinions or assertions contained in this paper are the authors’ and are not to be 
construed as official or reflecting the views of the Navy Department. 
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subject. But this and numerous other applied problems of surface chemis- 
try require that much more be learned of the structure of hydrophobic 
films and the kinetics of their formation. 

It may avoid confusion to note that the adsorbed films studied here 
differ greatly from the Langmuir-Blodgett monolayers and multilayers 
which are prepared on aqueous substrates by collecting floating, compressed 
monolayers of insoluble molecules. The Langmuir-Blodgett films can be 
formed only under carefully controlled conditions from a special class of 
compounds (6). It is evident that the classification of monolayers into 
hydrophobic and oleophobic types is not the most fundamental, but it is 


useful. 
EXPERIMENTAL METHODS 


The films were examined after being adsorbed upon “dippers” of 
carefully selected, scratch-free, commercial platinum foil as in the earlier 
study (1). Each dipper was cleaned just before use by a brief heating to 
dull redness in a Bunsen flame. After numerous cycles of heating and 
cooling a crystalline change often occurred and the platinum became a 
dull gray. When in that condition the dippers were no longer useful for 
this type of work (2). The aqueous solutions were made at varying concen- 
trations of polar compounds whose sources and purities have been des- 
cribed earlier (1,2). No precautions were taken to free the amines of CO>. 
Distilled water prepared from a “‘Stokes”’ still fitted with a solid tin con- 
denser was used throughout. Pyrex glass equipment was used and was 
always cleaned in chromic-sulfuric acid and rinsed repeatedly with hot 
distilled water delivered directly from the still. 

Measurements of the hydrogen ion concentration were made using a 
Macbeth Model A pH Meter (line-operated, continuous-reading), fitted 
with glass and calomel electrodes. The pH of the water was adjusted as 
needed by the addition of HCl or KOH. The glass electrode was cleaned 
with chromic acid solution, while the calomel electrode was frequently 
rinsed and soaked in successive baths of grease-free distilled water. This 
method of pH measurement was chosen for its convenience and because 
the results of experiments by Wark and Sutherland (7) revealed that 
neither dye-indicator nor hydrogen electrode methods of pH measurement 
were suitable for this type of system. The primary difficulty with such 
methods is suggested to be the adsorption on the electrodes of a barrier 
monolayer. Recent studies of ion penetration (4) indicate that, although 
such a film does not constitute a barrier to the small hydrogen or hydro- 
nium ions, it prevents formation of gas bubbles. 

All adsorption experiments with the dippers were conducted in a small 
glass hydrophil tray 43” square and 14” deep which had a carefully ground 
and waxed rim 3”’ wide. This was filled to overflowing with the aqueous 
solution and the surface of the water was always scraped clean in the 
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manner customary in trough experiments with several flat, waxed Pyrex 
barriers 8” long, 3’’ wide and 1” thick. The unusual depth of the tray 
permitted adequate immersion of the electrodes of the pH meter for con- 
tinuous observation of the hydrogen ion concentration and allowed the use 
of a small, motor-driven, waxed, glass stirrer in order to decrease the time 
for attaining adsorption equilibrium. 

A further experimental precaution was taken to protect the dipper 
from contacting floating organic material on passing through the air- 
water interface. A rectangular strip of 0.010” platinum foil was bent and 
spot-welded to form a narrow, flat-sided tube open at both ends, to which 
were welded four strips of platinum foil $’’ in width to form supporting 
legs. There resulted a narrow chimney of rectangular cross-section just 
wide enough to permit the passage of the dipper. In use the chimney was 
first flamed to remove organic contamination, and upon cooling, was 


PLATINUM 
DIPPER HANDLE 


PLATINUM 
CHIMNEY 


Fic. 1. Platinum chimney in use. 


immediately placed with its axis vertical in the freshly swept water of the 
hydrophil tray (see Fig. 1) with the legs adjusted so that the water level 
reached midway up the chimney. The adsorption experiment was promptly 
commenced by lowering the clean dipper through the chimney until it 
was immersed to a depth of over 1 cm. below the surface of the solution. 
After the proper immersion time the dipper was withdrawn from the 
solution coated with an adsorbed film. 

Measurements of the hydrophobic and oleophobic contact angles of 
the resulting films were obtained using drops of the generating aqueous 
solution and drops of n-hexadecane. The test drops were formed on a 
flamed platinum loop and then gently lowered onto the dipper surface 
after which the advancing angles of contact were measured. No attempt 
was made to study receding contact angles. All measurements were made 
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in room air at temperatures from 25 to 30°C. and at 50 to 70% relative 
humidity, using the previously described contact angle goniometer (1). 
In general, water was found to exhibit a higher contact angle against each 
monolayer than did hexadecane. For example, the maximum contact angle 
observed for water on a close-packed monolayer was 90° + 1° ,whereas the 
maximum angle exhibited by hexadecane was around 40° + 2°. 


MEcHANISM OF FitmM FORMATION 


It was necessary to eliminate confusion as to the origin of the hydro- 
phobic film found on the dipper after withdrawal from the solution. The 
film could originate by three mechanisms: (A) deposition of a floating 
monolayer of insoluble polar molecules as in the Langmuir-Blodgett 
method; (B) exposure to a high concentration of soluble organic material 
adsorbed at the water-air interface or (C) adsorption on the metal 
following the diffusion of polar molecules through the bulk solution. 
Oleophobic monolayer formation from organic solvents had been proved 
(1,2) to originate according to method (C). 

Particles of grease-free tale or sulfur dust were sprinkled on the water 
near the dipper. Since there was no motion of the powder particles toward 
the dipper while it passed through the surface, it could be concluded that 
no continuous carpet of floating molecules had been deposited on the 
dipper. The use of the narrow platinum chimney is justified, since it limits 
the surface of the water through which the dipper passes to an area appre- 
ciably smaller than the total surface area of the dipper. This restricts the 
amount of floating film which can be picked up during passage of the 
dipper through the surface of the water. The total area of the platinum 
dipper used was 15.6 cm.?, while the restricted area of the water-air 
interface within the chimney was only 0.8 cm.? This ratio of 20 to 1 is 
sufficient to eliminate all but a minor amount of contamination of the 
dipper by the presence of floating, insoluble polar molecules. 

There remained the possibility that the floating monolayer within the 
chimney was being continuously replenished by mechanism (B) as the 
dipper removed the previously formed film. The speed of motion of the 
dipper through the interface could, however, be varied from a fraction of a 
second to a minute without any effect on the film deposited, provided the 
time of immersion of the dipper below the liquid level of the solution was 
of sufficient duration. It is reasonable to assume that the organic molecules 
available for such adsorption at the air-water interface would be drawn 
from the column of solution enclosed by the chimney. Now a simple 
calculation using an average area per adsorbed polar molecule of 21 A? 
reveals that with a concentration of 10- mole/l., all the solute in that 
column would have to be used to ensure complete coverage of the dipper. 
But, in experiments carried out with the long chain amines through 
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n-hexadecylamine, good hydrophobic films were formed after 30 sec. of 
contact and a fraction of a second withdrawal speed at concentrations of 
only 10~ mole/I. Since diffusion from elsewhere could not be so rapid, it 
is evident that nearly all of the molecules in the film must have originated 
by adsorption while the dipper was completely immersed. 

Where the polar compound has an appreciable solubility in water, the 
concentration of the solute monolayer adsorbed at the water-air interface 
can be calculated with the well-known Gibbs adsorption relation. For the 
dilute solutions of amines described here, only a small surface tension 
lowering is found. Thus, Ralston et al. (8) found that a solution containing 
10~° mole/1. of dodecylamine decreased the surface tension by less than 
0.4 dyne/cm. at 25°C. Hence, the surface pressure of the adsorbed film on 
the water will be less than 0.4 dyne/cm. From that the calculated area 
per molecule adsorbed at the air-water interface is only 700 A2. If this 
gaseous film had deposited on the dipper during motion through the 
interface, there could not have resulted the very hydrophobic film ob- 
served. This also leads to the conclusion that mechanism (B) could not be 
significant here. 

Experiments with extremely dilute solutions of amines in water in- 
dicated that time of contact of the dipper with the bulk solution was the 
important factor governing hydrophobic film formation rather than the 
transit of the dipper through the air-solution interface. Under identical ex- 
perimental conditions two similar dippers ‘‘a”’ and‘‘b”’ were simultaneously 
lowered through the chimney enclosure and contacted with a dilute 
(1 X 10-* mole/I.) dodecylamine solution for 30 sec., after which they 
were quickly withdrawn and examined. Both emerged wet, indicating 
that the amount of adsorption which had occurred was insufficient for the 
complete formation of a hydrophobic film. Dipper ‘‘a’’ was flamed, re- 
submerged through the chimney and kept in continuous contact with the 
solution. At the end of 4 hr. dipper “‘b’’ was flamed and also lowered 
through the chimney where it was exposed to the bulk solution for 30 sec., 
after which it was withdrawn and examined and found to be completely 
wetted. Dipper ‘‘a”’ was then withdrawn and found to be completely 
hydrophobic as a result of the 4 hr. contact immersion period. This experi- 
ment established mechanism (C) beyond any doubt. 

Dipper experiments with a series of increasingly more dilute solutions 
showed that increasing immersion times were necessary to complete the 
formation of hydrophobic films. Provided that a large enough volume of 
solution was used for the area of the dipper, the required number of solute 
molecules were captured after a sufficient length of time, and the dipper be- 
came hydrophobic. This led to an informative experiment similar to the 
earlier one with a non-aqueous solution (2). The polar solute was depleted 
by repeated adsorption, isolation and destruction of successive hydro- 


576 ELAINE G. SHAFRIN AND W. A. ZISMAN 


phobic films on a clean, polished platinum dipper of known area until the 
solution had lost its ability to supply hydrophobic films. The average area 
per adsorbed molecule was estimated from the number of solute molecules 
available for adsorption and the number of dipper coatings formed. A cor- 
rection was calculated for adsorption of the solute on non-dipper surfaces. 
In such calculations, the degree of packing of the molecules in the films was 
assumed to be constant as long as the hydrophobic contact angle re- 
mained constant. This experiment required that a known amount of 
amine be present in a small volume of dilute solution. n-Octylamine was 
chosen for the test because: (a) films were obtainable from a concentration 
range which allowed the solutions to be depleted within a reasonable num- 
ber of dips, and (b) the solubility of the octylamine in water was sufficient 
to preclude the possibility of formation of insoluble floating monolayers 
which would increase the uncertainty of the bulk concentration of the 
solution. 


2 


\ 


4. 


Fic. 2. Dip cell for multiple dipping experiments. 


The solution was prepared by adding to 500 ml. of distilled water a 
single drop of n-octylamine, the mass of which was measured by forming it 
(within the flask neck) from a } ml. “‘ Agla” micrometer syringe fitted with 
a carefully ground, calibrated platinum tip 0.5 mm. in diameter. Two 
separate determinations were made on different samples of an aqueous 
solution having a concentration of 1.04 X 10~* mole/l. + 2%. A portion 
of this solution was weighed into a dip cell (Fig. 2) having a capacity of 
7.3 ml. and an apparent interior wall area of 30 cm.? Approximate 
corrections were calculated for the loss of amine due to adsorption of 
monolayers onto the walls of containing receptacles during the preparation 
of the solution. A molecular cross-section of 21A? was assumed for the 
adsorbed hydrophobic film and the apparent surface area of the film- 
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covered interior walls was used in the calculations. Evaporation losses 
were minimized by keeping the dip cell in a small, covered glass jar during 
all dips of 10 min. duration or longer and performing the major portion of 
experiments within the first 8 consecutive hours. The dipper used had an 
apparent area of 9.69 cm.” For each dip it was flamed briefly, cooled and 
quickly lowered into the solution by its platinum wire handle. The time 
of immersion was manually controlled but the dipper was withdrawn by a 
1 r.p.m. synchronous motor geared to retract the dipper completely within 
55 sec., during which period any drops of liquid entrained on the dipper 
were drained back into the solution. The hydrophobic dipper was then 
transferred to the stage of the contact angle goniometer where measure- 
ments were made of the contact angles against drops of distilled water. 


TABLE I 
Exhaustion of Solute by Repeated Dips 


Totalian- dips | moeceas ter | Hyarophente benavioe of PE aipoar 1°") Ton angle 
1 <1 minute Completely unwetted 39° 
10 <1 Completely unwetted 40° 
20 <ail Completely unwetted 37° 
30 <1 Completely unwetted 39° 
40 <a Completely unwetted 36° 
45 1} Completely unwetted 28° 
47 10 Few small wet patches 23° 
50 25 Wet along one edge 14° 
51 25 Few small wet patches 13° 
52 33 Few small wet patches 13° 
53 60 Wet along one edge af? 
54 130 Wet along one edge 29° 
55 200 Some wet areas 19° 

56 990 Large wet areas Drop spreads 


at low angle 


Table I lists the results of one experiment. In the second column is 
given the total immersion time necessary to form a film sufficiently re- 
pellent to allow its isolation, in the third column is a description of the 
appearance of the dipper immediately after withdrawal, and in the fourth 
column the average hydrophobic contact angle. 

Table I shows that for about the first 45 dips it was possible to form 
uniform monolayers within 1 min. or less of immersion in the solution. 
Subsequent dips required progressively longer contact with the solution 
to form a completely hydrophobic film. The dippers emerged progressively 
less repellent from the 47th and later dips as shown both by the presence 
of wet patches on the dipper surface and by the decreased contact angle 
for drops of water measured on the hydrophobic area of the dipper. By the 
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56th dip an immersion time of 16.5 hr. was not sufficient to form an ade- 
quate film. The experiment was stopped at this point because of the 
difficulty of preventing the removal of the solution. The hydrophobic 
contact angles for the first 45 dips showed a variation of + 2°, whereas 
measurements became less reproducible for subsequent dips as the angle 
approached zero. 

Calculations of the average cross-sectional area per molecule were 
based on the number of dips which resulted in satisfactory film formation 
using the apparent area per dipper, and the amount of polar material 
available originally and at completion of the experiment. Approximately 
17 hr. were necessary for film formation on the 56th dip. This is thought 
to be within 2 or 3 dips of total depletion of the residual organic material. 
Since the last films are less closely packed, they represent an effective 
increase of only several per cent in the total area made available for 
adsorption during the entire experiment. 

This experiment on octylamine was repeated later and each time there 
resulted a cross-sectional area of approximately 14 A?/molecule. This is 
to be compared with the value of 20.5 A? assigned to the longer chain 
amines in.a compressed film on water (9) and with that of 30 +1 A? 
obtained for octadecylamine adsorbed as an oleophobic monolayer on 
platinum (1). The lower value obtained for the hydrophobic octylamine 
film is probably due to the deviation of the true surface area of the 
platinum dipper from the area calculated geometrically, the magnitude of 
the correction factor being unknown for the particular platinum specimen 
used. Reference is made, however, to the work of Bowden and Rideal on 
electrolytic methods of measuring the surface areas of metals in which 
the ratio of the ‘‘accessible area”’ (available for measurement with the 
small hydrogen ion) to the “‘apparent area’ is reported to be 2.1 for 
smooth bright platinum foil (10). Films of the relatively short 8-carbon 
compounds may conform more closely to the surface irregularities repre- 
sented by this ratio than would films of long chain compounds which are 
apparently able to bridge surface asperities, as demonstrated by the work 
of Bikerman on compounds with 18-carbon chains (11). In that ease, the 
high value of 30 A? obtained for the octadecylamine and the low value of 
14A? for the octylamine may be more readily reconciled. Other experi- 
mental errors, such as loss of amine by unavoidable mechanical with- 
drawal from solution or by evaporation, would also tend to lower the 
observed area per molecule. Measurements indicated a weight loss of less 
than 2% due to evaporation in the first 8 hr., during which period com- 
pletion of the first 52 dips was effected. Since the vapor pressure of 
octylamine at 30°C. is only about 1 mm. (12), the decrease in weight is 
considered due primarily to the loss of water, with a comparatively minor 
loss of amine. 
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On the basis of the preceding considerations, it is concluded that for 
water-soluble compounds, such as the primary amines, the mechanism of 
hydrophobic film formation from dilute aqueous solution during sub- 
mersion of the dipper is identical with that found earlier for oleophobic 
films from oil solutions (1,2) ; that is, the organic molecules diffuse through 
the solution, eventually reach the solid surface, and there become ad- 
sorbed by their polar ends. When a sufficient proportion of the surface has 
been covered by adsorbed molecules, the packing of the hydrocarbon 
“tails,” which are oriented outward from the adsorbing surface, becomes 
dense enough to render the surface hydrophobic. To establish and main- 
tain a film of this type, the adsorptive forces must be strong enough to 
resist the disruptive effects of thermal agitation and solubility. It is 
evident that the average lifetime of adsorption must be long if the 
minimum concentration at which a saturated monolayer can form is to be 
low. As with oleophobic films adsorbed from organic liquids, a very 
appreciable portion of the energy of adsorption may originate in cohesive 
forces between the adjacent non-polar portions of the molecule (2). 


INFLUENCE OF CONCENTRATION AND PH on HypropHosic BEHAVIOR 


Some indication of the adsorptivity of the polar solute was obtained by 
determining the concentration Win, below which there was no formation 
of hydrophobic films. This was done by observing the film-forming 
properties of a series of increasingly dilute solutions. Eventually the 
concentration of the solution was lowered to the point where no hydro- 
phobic film could be formed. To make valid comparisons between solu- 
tions of different concentrations, it was essential to work at some standard 
adjusted value of the hydrogen ion concentration (pH) since the latter 
varied with the concentration of amine used. The attempt to settle on the 
most favorable experimental pH value necessitated an examination of the 
effect of pH on the hydrophobic properties of films formed from a given 
solution concentration. As in the work of Taggart (13), Wark (8), and 
others, the adsorptive properties of the primary amines were found to be 
profoundly influenced by the pH. For low amine concentrations it was pos- 
sible to progress from complete wetting through a highly non-wetting stage 
and on to complete wetting again as the pH changed progressively from 
conditions of high acidity through neutrality and on to high basicity. Thus, 
for every experimental determination it became necessary to know or 
control the concentration of amine, the pH of the solution, and the length 
of time of immersion of the dipper in the solution. 

All adsorbed films were prepared with the electrodes of the pH meter 
immersed in the hydrophil tray. Considerable stirring was used to assure 
rapid establishment of equilibrium pH conditions after the addition of 
acid or base, and also to speed up diffusion to the adsorbing surface, with 
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a resultant shortening of the time to attain approximate adsorption equi- 
librium conditions. For each concentration of solution, dipper observa- 
tions were made: after some fixed time of immersion at intervals over a 
wide range of pH values. Successively less concentrated solutions were 
explored until a limiting concentration was reached, at which hydrophobic 
films were no longer observed, regardless of the pH. This procedure was 
used to define the minimum concentration Win. 
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Fic. 3. n-Butylamine on platinum from aqueous solution. 


The experimental data presented in Figs. 3 through 7 were obtained 
using a standard immersion time of 30 sec., with considerable stirring of 
the solution. Changes of the pH were made by the dropwise addition of 
HCl or KOH. The presence of salts was known, from flotation studies (3), 
to have a marked influence on the hydrophobic properties of films ad- 
sorbed on mineral ores. Since similar salt effects might exist in the present 
investigation, and since, at the extreme ends of the pH range, solubility 
effects and colloid formation are important, experiments were made to 
show the effect of cycling the pH on the reproducibility of the curves 
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within a limited range of pH. Within a pH unit of the critical pH limits 
to hydrophobic behavior, no effect of cycling was noted for the amines up 
through the dodecyl compound. For the less soluble long chain amines, 
where the addition of large amounts of HCl was necessary, two portions of 
the solution were used, one for the acidic determinations and the other for 
the alkaline range of determinations; there is no doubt, however, that, 
for the tetradecyl and higher amines examined, the concentrations of 
electrolytes were unavoidably of the same order of magnitude as those 
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Fic. 4. n-Octylamine on platinum from aqueous solution. 


used in flotation work. It is planned to study later any salt effects on 
hydrophobic adsorption on metals. Upon withdrawing the dipper from a 
given solution, measurements were made of the equilibrium contact angles 
by using test drops of that aqueous solution at that same temperature. This 
eliminated difficulties which could be caused by the dissolving of the 
underlying monolayer into the test drop during the contact angle measure- 
ment. This is essential in studying the more water-soluble solutes such as 
the lower amines. The nonobservance of this precaution makes it difficult 
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to compare much reported in the literature on flotation with that reported 
here. 
The results with several normal alkyl primary amines on the relation 
of the equilibrium contact angle (0) and the pH at several concentrations 
are presented in Figs. 3 through 7, and all are drawn to the same scale. 
Each curve is the locus of points having the same concentration, while the 
successive curves are for concentrations commencing just above Wmin to a 
value from 10 to 200 times greater than Wmin. To define sharply the 
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Fie. 5. n-Dodecylamine on platinum from aqueous solution. 


favorable pH ranges, two conventions were adopted. At the limiting pH 
at which complete wetting occurred, @ was assigned a zero value. Also, 
@ was assigned a value of 5° at those values of the pH for which any signs 
of hydrophobic behavior could be detected on the dippers, even though the 
unwetted areas were too small to test for a measurable contact angle. 
The general features of the @ vs. pH curves follow the same pattern. 
There is an abrupt rise in the contact angle as soon as a fairly critical pH 
value is reached, whether approached from the very acid or very alkaline 
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regions. A highest or ‘“‘peak’’ contact angle (@,) is always obtained over a 
comparatively limited pH range. Over a portion of the curve, 6 is some- 
what less than 6, but tends to remain constant. This “plateau”’ region 
occurs unsymmetrically, on the acidic side of the peak region only. 
Analysis of a series of curves for progressively increasing concentrations 
reveals: an increase in the acidic pH range favoring hydrophobic film 
formation; a widening of the “plateau” regions accompanied by an 
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Fic. 6. n-Tetradecylamine on platinum from aqueous solution. 


increase in the value of the plateau angle, which results at higher concen- 
trations in materially lessening the difference with the value of 0); a 
widening of the pH range in which the peak contact angle is obtained ; and 
a rapid increase in 0, with concentration for values of WwW just above Wmin, 
followed by an asymptotic approach of 6, to some limiting angle (O1im)- 

Repeated experiments to check the 6 vs. pH curves showed that Op was 
easily reproducible, as was the general shape and the critical pH limits of 
the curve. But the height and width of the plateau contact angle region 
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could vary considerably from one trial to another. Experiments using 
longer times of immersion than 30 sec. revealed that, while 0, was de- 
pendent only on the concentration of the solution, the values of @ less than 
6, tended to be increased slightly for the longer contact periods. 


EFFEcT OF CHAIN LENGTH OF AMINES 


Although each of the Figs. from 3 through 7 exhibits the same general 
characteristics, a comparison of the results for several homologous primary 
amines reveals pronounced differences with the number of carbon atoms 
per molecule (V). A plot of 6, vs. log concentration W taken from Figs. 
3 through 7 for the several amines is shown in Fig. 8. Attention is called in 
this figure to three features: (a) the effect of increased chain length in 
depressing the minimum concentration Wmin, (b) the progressive in- 
crease with chain length in @\im and (c) the asymptotic approach with 
chain length of @1im to the value of 90°. Fig. 9 is a plot of @1im (estimated 
from Fig. 8) against N for each amine studied. Evidently @1im approaches 
90° as N increases for the various n-alkyl primary amines studied, and this 
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maximum value of 90° is attained for values of N in excess of 16. This 
maximum value of the hydrophobic contact angle is precisely that found 
for monolayers of the hexadecyl and higher amines when adsorbed as 
oleophobic films on platinum from such nonpolar solvents as hexad ecane, 
dicyclohexyl and white mineral oil (1). 

However, there is one respect in which successive increases in the 
length of the hydrocarbon chain resulted in a radical alteration in the 
general pattern of the results. Figs. 3, 4, and 5 show clearly that, for chain 
lengths of 4, 8, and 12 carbon atoms, the peak angle is found consistently 
in the alkaline region at a pH of 9-11, and that, for extremely low con- 
centrations, hydrophobic film formation is possible in the alkaline region 
only. In contrast Fig. 7, presenting the results obtained with the 16-carbon 
amine, shows the opposite behavior; the occurrence of the peak contact 
angle and the formation of hydrophobic films is limited to the acidic 
region. This complete reversal of the effect of pH resulting from a 4-carbon 
increase in chain length suggested that some intermediate behavior might 
be expected from the medial 14-carbon amine. This led to the experiments 
on tetradecylamine, summarized in Fig. 6. Two distinct pH regions 
favorable for film formation were found, separated by a narrow range of 
pH values in which only the poorest films were obtainable. The major 
favorable pH region was shifted from the high alkaline toward the neutral 
range, while a second favorable range appeared in the highly acidic region. 
Values of pH between 3 and 5 were found to inhibit highly hydrophobic 
film formation, with the higher concentrations showing a less pronounced 
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Fic. 8. Correlation of peak hydrophobic contact angle with concentration for 
homologous family of n-alkyl primary amines from aqueous solution. 
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depression‘ in the values of the hydrophobic contact angle for the un- 
favorable region. 
SIGNIFICANCE OF Contact ANGLES 


In Table II are listed the results of contact angle measurements on test 
drops of water and of hexadecane toward films isolated hydrophobically 
from aqueous solutions or oleophobically either from the molten amine or 
from solution in hexadecane. A comparison of the results emphasizes the 
identity of such films, irrespective of the method of film formation. Thus, 
evidence adduced in the proof of the structure of oleophobic monolayers 
is applicable to hydrophobic films of the same compounds. 

The smooth gradation of hydrophobic and oleophobic properties with 
the number of carbon atoms per molecule (NV) for the homologous series of 
amines indicates a uniformity of structure and mechanism of film forma- 
tion for all members of the family. The contact angle is seen in Fig. 9 to be 
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TABLE II 


Contact Angle Measurements on Monolayers Adsorbed on a Platinum Dipper* 


From aqueous solution From molten amine From solution in hexadecane 
Amine chain 
lengt’ 
owater 9hexadecane 9 water %hexadecane Owater Shexadecane 
4 52° 0° 55° 0° = = 
8 69° 16° 68° 13° 69° 16% 
12 85° 21° 85° 21° 86° 24° 
14 86° 31° 87° 30° 87° 28° 
16 89° 33° 88° 33° 90° 33° 


* Measurements were made at temperature 25° + 1°C. on a single dipper for all the 
results listed in this table. 


> Test drop completely wets underlying monolayer. 


a function of N, approaching asymptotically a maximum of 90° for water, 
and around 40° for hexadecane. In accordance with the explanation 
advanced in the study of oleophobic monolayers (1) this maximum oleo- 
phobic contact angle is characteristic of the closest packing of oriented 
methyl groups. Similarly, it is concluded from Fig. 9 that there is an 
analogous maximum hydrophobic angle of 90° characteristic of the same 
film structure. The difference in magnitude of hydrophobic and oleophobic 
contact angles for a given film results in the following useful generaliza- 
tions: (1) Water is a more sensitive agent than organic liquids for testing 
for the presence of hydrocarbon-type monolayers, particularly those 
which are not closest packed. (2) Water provides a medium from which a 
structurally wider variety of hydrocarbon-type adsorbed films can be 
isolated. 
DIscUSSION 


The variation of hydrophobic properties with acidity or alkalinity of 
the generating solution is attributed to solubility effects. The known low 
solubility of such amines in alkaline solution causes the apparent barrier 
to hydrophobic film formation noted on the alkaline side of all 
@ vs. pH curves, since there results a reduction in the number of 
amine molecules available for adsorption from solution down to a con- 
centration below that necessary for hydrophobic film formation. This 
explanation is consistent with the experimental data, which show virtually 
no shift in the alkaline limits of the curves for increased amine concentra- 
tions. Further confirmation lies in the shift of the barrier to less alkaline 
pH values with increasing chain length of the amines. 

The maximum of the 6 vs. pH curves just prior to the alkaline limits 
represents the most favorable equilibrium between the effects of limited 
solubility and high adsorptivity. The lower ‘‘plateau” values for 6 are 
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probably due to the increase in the solubility of the amine with decreasing 
pH. For the amines up through dodecyl, the lack of hydrophobic film 
formation from acid solutions of low concentration is presumed due to the 
increased desorptive effects of high solubility. The pronounced shift of the 
adsorptive boundary to lower pH values with increased concentration 
further bears this out. 

The occurrence of two distinct pH regions favorable for hydrophobic 
film formation for tetradecylamine (Fig. 6) is considered to result from the 
ability of a long-chain amine to adsorb either in molecular form (in the 
alkaline-neutral region) or as ions in the highly acid region. The smoother 
transition from molecular to ionic adsorption possible at higher concen- 
trations results in the disappearance of the distinctive minimum. 

From this it follows that the adsorption of the poorly soluble hexade- 
cylamine is necessarily wholly of the ionic type, since the 6 vs. pH curve is 
found exclusively in the highly acidic region (Fig. 7). Independent con- 
firmation of this is gained from the results of previous studies on the 
effect of dissolved heptadecylamine on the spreading of oil drops on water 
(14) which demonstrated that appreciable ionization occurred at the 
water-oil interface beginning at pH 5.8, followed by an S-shaped curve 
attaining a maximum degree of ionization at pH of 2.5 or less. It is within 
precisely this pH range where the most satisfactory hydrophobic film 
formation is found for hexadecylamine. 

From these results some general conclusions can be made. The oppor- 
tunity to obtain monolayers of hydrophilic-hydrophobic polar molecules 
free from their aqueous solutions provides a convenient experimental ap- 
proach to the investigation of fundamental relationships involved in 
adsorption. Monolayers so isolated are available for study as reproducible 
surfaces which can be characterized by quantitative methods using con- 
tact angle measurements. It is planned to extend and apply this method 
to the study of adsorbed films as regards the effect of: (a) variations in 
the nature of the polar end group, (b) the introduction of branching in the 
hydrocarbon portion of the structure, (c) the presence of additional 
organic radicals on the adsorption group, (d) changes in the nature of the 
adsorptive surface, (e) changes with temperature, and (f) the presence of 
salts. 

Much has been done in connection with the development of flotation 
methods (3) in correlating contact angles with floatability for different 
mineral types as a function of the mineral, activator, solution pH, and 
temperature of film formation. A recent paper by Taggart and coworkers 
(18) on the adsorption of laurylamine on metals has emphasized the 
possibility of the formation of complex coordination compounds which, 
in the case of platinum, is believed to occur readily at high pH. Since the 
data presented here were obtained by the use of short periods of contact, 


HYDROPHOBIC MONOLAYERS 589 


the fact that no evidence was found for the formation of such compounds 
by no means precludes the possibility of their existance. Under experi- 
mental conditions more comparable to those of Taggart et al., the present 
technique may yield corroborative evidence. However, important adsorp- 
tion factors which do not necessitate chemical reaction of the flotation 
reagent and the mineral substrate could be investigated by observations 
on the hydrophobic films physically adsorbed onto a non-reactive polished 
surface. Thereby, a better appreciation might result of the nature and im- 
portance of chemisorption onto the various minerals. Where polished 
surfaces of each mineral are available, the same types of measurements 
could be used to study the principles involved in the process of selective 
adsorption. Similarly, studies of corrosion inhibition and the “ pickling” of 
metals could be made with the object of correlating water repellency with 
the experimental conditions favorable for film formation, and even the 
type of pretreatment most effective in preparing surfaces to receive 
strongly bonded adsorbed films with desirable repellency characteristics. 
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SUMMARY 

Experimental methods are described for the preparation and exami- 
nation of hydrophobic monomolecular films adsorbed and isolated from 
aqueous.solutions of certain types of polar-nonpolar organic compounds. 
The use of contact angle measurements for the quantitative characteri- 
zations of the hydrophobic and oleophobic properties of such films permits 
the evaluation of the various factors governing their formation, structure, 
and repellency characteristics. The present paper reports the results of 
studies on several members of a homologous family of primary amines of 
the normal alkyl type adsorbed onto platinum surfaces. 

The critical limits to hydrophobic film formation and the degree of 
hydrophobicity are found to be functions of the amine concentration and 
the pH of the generating solution. A definite correlation is established for 
the relative effectiveness of these factors and the length of the hydro- 
carbon chain in the aliphatic portion of the amine molecule. The marked 
response of hydrophobic film formation to pH and concentration is inter- 
preted as an adsorption-desorption phenomenon in which the equilibrium 
conditions are determined by the solubility and degree of ionization of the 
individual amines. The short chain amines (up through dodecyl) are 
found to be most adsorptive in the alkaline region, whereas film formation 
of the hexadecylamine is limited to the highly acid regions. The inter- 
mediate tetradecylamine evinces a transitional behavior, having two 
separate pH regions favorable to film formation. 
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The identity of adsorbed monomolecular films isolated hydrophobi- 


cally from aqueous solution and oleophobically from the molten amine or 
from solution in hexadecane is established. The use of water as solvent 
increases the number of molecular types available for study as repro- 
ducible, repellent films. 


The method is proposed as a possible approach to the examination of 


films important in the fields of selective adsorption, mineral flotation, 
corrosion inhibition, and “pickling” of metals. 
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INTRODUCTION 


The existence of colloidal aggregates of paraffin-chain ions has been 
accepted to account for the many unusual properties of paraffin-chain 
salt solutions. The interpretations of experimental results leading to 
explanations of some of these properties have been recently reviewed (14). 
One point of disagreement in the details regarding the properties of these 
aggregates or micelles, which is of interest here, concerns the ionic effects 
of the highly charged micelle. 

McBain (16,17,18) has considered that the charges on the surface of the 
micelle are too widely spaced to exert a mutual influence, and that ionic 
effects of solutions of micelles would not be much different from those of 
uni-univalent electrolytes. He gives as evidence for weak interionic effects 
the similar behavior of paraffin-chain salts compared with uni-univalent 
electrolytes in regard to freezing-point lowering and conductivities in 
mixtures of paraffin-chain salts with uni-univalent electrolytes (19). 

Hartley (5,6), on the other hand, has assumed that the charges on the 
micelle act in unison and therefore produce considerable ionic effects. 
Evidence for strong interionic attractions is given by the behavior of the 
equivalent conductance of these solutions at high frequencies (21) and at 
high field strength (1,15). 

The dependence of the rate constant of an ionic reaction on the ionic 
strength of the reaction medium is well known (4,10). It therefore appeared 
possible to obtain an indication of the ionic effects of an aqueous paraffin- 
chain salt solution by observing the rate of a suitable ionic reaction in such 
a solution. Sodium dodecanesulfonate was chosen for the paraffin-chain 
salt because it is free from hydrolysis (18), and also because its 
critical concentration, 0.011 molar (24), occurs in the most convenient 
concentration range. The reaction between the thiosulfate and bromo- 
acetate ions was selected because it has been highly recommended (11) as 

1 Taken from a thesis submitted by J. A. Erikson to the University of Washington in 
partial fulfillment of the requirements for the M.S. degree, June 1949. 
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a means for testing theories on ionic behavior. The reaction is particularly 
suitable here because both reactants and micelle have a negative charge, 
and, therefore, the possibility of the micelle adsorbing the reactants and 
influencing the reaction rate was avoided. It was necessary to use the 
above compounds as their sodium salts, since the presence of a polyvalent 
ion with a charge opposite to that of the polyvalent activated complex 
catalyzes the reaction (11). 


EXPERIMENTAL 
Sodium Dodecanesulfonate 
The sodium dodecanesulfonate was prepared in the normal manner 
(7,25). The salt was recrystallized from alcohol four times and dried in an 
oven at 50°C. A water analysis using a vacuum oven at 135°C. gave 0.15 
moles of water per mole of sodium dodecanesulfonate. 


Sodium Bromoacetate 

The sodium bromoacetate was prepared by mixing an alcoholic solution 
of sodium hydroxide with an alcoholic solution of bromoacetic acid (8) 
which had been purified by two recrystallizations from benzene (22). This 
method was used because it was not desired to introduce any internal 
indicator (11) to determine when an equivalent amount of sodium hydrox- 
ide had been added. The crystals were dried in vacuo at room temperature 
over concentrated sulfuric acid (9). Tests made concurrently with the rate 
determinations using a 3 or 4 to 1 excess of standard sodium thiosulfate 
solution showed 0.989-0.980, 0.975—0.967, and 0.970—-0.960 equivalents of 
thiosulfate consumed for every equivalent of bromoacetate. 


Sodium Thiosulfate 
The sodium thiosulfate solutions were prepared by adding boiling 
distilled water to a C. P. grade of sodium thiosulfate pentahydrate in 
previously sterilized Pyrex bottles. This procedure yielded solutions that 
were quite stable, and was adopted instead of using a preservative because 
of the possibility of the preservative influencing the results. No solution 
was ever retained for more than five days. 


Todine 


A C. P. grade of iodine was used. Solutions contained 4% potassium 
iodide. 
Arsentous Acid 
A C. P. grade of arsenious oxide was used as the primary standard. 


Procedure 


Runs were carried out using solutions containing various concentrations 
of the sodium dodecanesulfonate ranging from 0-0.02 M. The reaction was 
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carried out at 40 + 0.01°C. in a thermostated water bath, because of the 
small solubility of sodium dodecanesulfonate (23) at room temperature. 
The concentrations of the bromoacetate and thiosulfate ions were equal, 
thus simplifying the calculations; they were adjusted to a predetermined 
concentration, depending upon the concentration of the sodium dodecane- 
sulfonate, so that the ionic strength of all the runs would be the same, 
0.022 M, assuming the sodium dodecanesulfonate to behave as a simple 
uni-univalent electrolyte. Accordingly, two solutions were prepared at 
40°C., one containing the appropriate concentrations of sodium dodecane- 
sulfonate and sodium thiosulfate, and the other containing the appropriate 
concentration of sodium bromoacetate. These solutions were mixed at 
40°C. by adding an aliquot of the second solution to an equal aliquot of 
the first solution. The time at the start of the addition was taken as the 
starting time of the reaction. The reaction was stopped by rapidly adding 
from a buret a calculated amount of standard iodine solution which was 
just insufficient to combine with the thiosulfate present. The time that the 
initial iodine was added was taken as the stopping time of the reaction. 
The reaction was then cooled externally with tap water at 5°C. in order 
to sharpen the end point (13) and to prevent the solution from frothing. 
Starch solution was then added and the titration completed. 

The burets and pipets used were calibrated. All volumetric flasks were 
retested. Time was recorded with a stop watch which on comparison with 
an electric clock showed a gain of 18 sec. in 18 hr. or a relative error of 
0.03%. 

Blank corrections were applied in all cases. This was important since 
the color of the starch-iodine complex at the end point in the presence of 
the paraffin-chain salt was a pale yellow instead of the usual blue. Tests 
using identical amounts of thiosulfate in identical total volumes with and 
without the presence of the paraffin-chain salt, showed that the end 
point in the presence of the paraffin-chain salt occurred slightly later. 

The rate constants were calculated from the slopes of plots of the reci- 
procal of the volume of standard iodine required against the time. 


PRESENTATION AND DISCUSSION OF THE RESULTS 


The observed rate constants for twelve runs in which the paraffin-chain 
salt concentration was increased from 0-0.02 M are given in Table I. 
Since the utmost of strict precautions were not taken, a high accuracy 
cannot be claimed for the results, although it is believed that any error 
involved was systematic and that the results could be reporduced using 
the same technique within an error of + 0.03 min.—'. Errors such as evapo- 
ration losses from the solution and unintentional presence of foreign ions 
both would tend to give larger rate constants. 

No direct measurement of the rate constant at 40°C. could be found in 
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the literature. La Mer and Kamner (12) have determined the rate constant 
at an ionic strength of 0.02 M for 0, 12.5, 25, and 37.5°C., and Davis and 
La Mer (3) have determined the rate constant at 45°C. ae various ionic 
strengths. From these data the rate constant at an ionic strength of 0.022 
M was calculated to be 1.52 min.“}. 

To demonstrate the effect of the paraffin-chain salt on the rate constant, 
the results are plotted in Fig. 1. It is seen that the rate constant remains 
constant within the limits of experimental error up to a certain point and 
then increases rapidly. The “break’”’ in the curve occurs near the critical 
concentration of the paraffin-chain salt. It is well known that the presence 
of electrolytes lowers the critical concentration of a paraffin-chain salt. 


RATE CONSTANT (MINUTES™) 


° 0.002 0,004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020 
CONCENTRATION OF THE SODIUM DODECANESULFONATE (MOLES/LITER) 


Fig. 1. Variation of the rate constant of the thiosulfate-bromoacetate reaction at 
40°C. with the concentration of the sodium dodecanesulfonate. 


It is estimated that the critical concentration here, in the presence of the 
reactants, is about 0.0074 WM. This was obtained from data (24) on the 
lowering of the critical concentration of sodium dodecanesulfonate by 
sodium chloride using the fact brought out by Corrin and Harkins (2) that 
the logarithm of the critical concentration varies linearly with the 
logarithm of the sodium-ion concentration. 

The fact that the rate constant remains constant, within the limits of 
experimental error, below the critical concentration is in accord with the 
principle of the primary salt effect. The rate constant is constant because 
the ionic strength is constant. 

It seems logical to interpret the increasing values of the rate constants 
in solutions above the critical concentration as being due to an increasing 
ionic strength of the solutions. If the micelle behaved as a uni-univalent 
electrolyte, then a decrease in the rate constant should occur, since the 
formation of micelles removes a large percentage of simple ions from the 
solution. The ionic effect of the micelle, therefore, not only compensates 
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for this decrease in ionic effect due to the decrease in simple ion concentra- 
tion, but*contributes an excess to the solution. 

It is possible to calculate an effective ionic strength by means of the 
dependence of the rate constant on ionic strength. This was done from the 
data mentioned before (3,12), and the calculated effective ionic strengths 
are given in Table I. While the effect is not as great as Hartley’s estimates, 
it is in the most concentrated paraffin-chain salt solutions at least three 
times as large as the effect of a uni-univalent electrolyte. 


TABLE I 


Effect of Sodium Dodecanesulfonate on the Reaction Rate Constant of the Bromoacetate- 
Thiosulfate Reaction and Corresponding Effective Ionic Strengths 


Cp M k p* 

= 0.0220 1.64 + 0.05 0.0220 
0.00182 0.0218 1.66 + 0.04 0.0220 
0.00300 0.0220 1.65 + 0.02 0.0220 
0.00400 0.0219 1.64 + 0.02 0.0220 
0.00500 0.0220 1.67 + 0.01 0.0220 
0.00600 0.0220 1.68 + 0.01 6.0220 
0.00750 0.0219 1.64 + 0.03 0.0220 
0.0100 0.0219 1.67 + 0.02 0.0230 
0.0125 0.0219 1.70 + 0.02 0.0250 
0.0150 0.0220 1.75 + 0.02 0.0295 
0.0175 0.0218 1.86 + 0.06 0.0397 
0.0200 0.0220 2.07 + 0.11 0.0620 


Cp is the concentration of the sodium dodecanesulfonate present. 
» is the hypothetical ionic strength assuming the sodium dodecanesulfonate to behave 
as a simple uni-univalent electrolyte. 
k is the rate ‘constant in min.—! |./mole at 40°C. 
p* is the effective ionic strength corresponding to the observed rate constant. 


This increase in rate constant also seems to be in disagreement with the 
recent observations of Olson and Simonson (20) that the rate of an ionic 
reaction does not depend upon the ionic strength of the solution, but only 
upon the concentration of ions of charge opposite to that of the charge on 
the activated complex. While it is true that the stoichiometric concentra- 
tion of sodium ion here is steadily increasing as the concentration of the 
paraffin-chain salt is increasing, it seems very likely that the actual 
concentration of sodium ions decreases above the critical concentration. 
This is because the formation of a micelle requires a considerable number 
of counter ions as part of its constitution (14). In any event the sodium- 
ion concentration certainly is not increasing as much here as below the 
critical concentration, and, therefore, it would seem that the increasing 
rate constant above the critical cannot be ascribed to the variation in 


sodium-ion concentration. 


596 J. A. ERIKSON AND E. C. LINGAFELTER 


Lack of quantitative data on the number of simple units in the micelle, 
on the equilibrium relationship between the micelle and simple ions, and 
on the effect of multivalent ions on ionic strength, prevents a quantitative 
explanation of this observed increase of the reaction rate constant. 

One might also discuss the observed increase in rate constant on the 
basis of an increase in the effective concentration of the reactants. This 
could be visualized by supposing that the highly charged negative micelles 
repel the negatively charged reactants, forcing them out of the vicinity of 
the micelles, and thus effectively decreasing the free volume available to 
the reactants. Neglecting ionic strength effects and ascribing the increase 
in rate constant solely to this decrease in volume, one can calculate an 
effective volume which is void of the reactants. 

Using one liter of solution as a basis for the calculation, one has: 


5A, fe moles 8203 moles BrAcO— 
Rate of reaction = kobs (eS ) eee) 


1000 
ny (7 =e) moles BrAcO— 
ae) \ ceiianron eff. vol. 


where Ktheo is the rate constant observed below the critical concentration. 
The repulsion between the micelle and divalent ions will be greater than 
that between the micelle and univalent ions; however, the counter- 
repulsion from the surroundings toward the micelle likewise will be 
greater for the divalent ions and it will be assumed that the displacements 
of the negative divalent and univalent ions from the micelle are the same. 
Since the number of thiosulfate ions is the same as the number of bromo- 
acetate ions, the above expression reduces to 


k theo 


kovs 


From an estimation of the number of micelles in the solution, the 
volume or effective void per micelle and the radius of the void, assuming 
it to be spherical around the micelle, can be calculated. The concentrations 
of simple paraffin-chain ions in. the solutions are assumed to be equal to the 
concentrations at the critical concentrations which are estimated for each 
solution as before. The number of simple ions in the micelle is estimated, 
on the basis of a Hartley micelle, using densities of liquid paraffins, to be 
54 simple ions/micelle. The concentration of micelles is then given by 


V = eff. vol. = 1000 


Cp — cmc 
SeiPintaggicn 


and the radius of effective void is given by 


3 
10° I 5 (6.02 X 10") (4x) A 
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TABLE II 
Effective Sphere Void of Reactants 
re eee ee re ee ee ee 


ep 0.0100 | 0.0125 | 0.0150 | 0.0175 | 0.0200 
Effective volume per liter (ml.) 994.0 | 985.2 | 971.0 | 941.9 | 893.0 
Effective volume void of reactants (ml.) 6.0 14.8 29.0 58.1 | 107 
Radius of sphere void of reactants (A) 39 43 47 54 62 


The estimated radii of the effective spheres void of reactants are given in 
Table II. These values are not unreasonable when it is considered that the 
radius of a Hartley micelle for a dodecanesulfonate is about 20-25 A. 


SUMMARY 


The ionic effect of sodium dodecanesulfonate has been measured by 
studying its influence on the rate constant of the reaction between thio- 
sulfate and bromoacetate ions. Below the critical concentration of the 
sodium dodecanesulfonate the rate constant is constant as required by the 
primary salt effect. Above the critical concentration the rate constant 
increases, indicating that the ionic effect of paraffin-chain salt micelles is 
greater than that of a uni-univalent electrolyte. The increase in rate con- 
stant is also evidence which appears to be in disagreement with a recent 
suggestion that the rate constant of an ionic reaction does not depend 
upon the ionic strength of the medium. 
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A NOTE ON THE DIRECT DETERMINATION OF 
ADSORPTION FROM SOLUTION! 


In recent years doubt has been cast on the validity of the Gibbs 
adsorption theory in the light of the so-called Type III surface tension- 
concentration curves, exhibiting minima which at first glance indicate 
that no material is adsorbed on the surface of aqueous solutions at the 
concentrations corresponding to the minima (1). 

Investigations by Shedlovsky and coworkers (2), later confirmed by the 
author (3), have shown that, in certain “anomalous” cases, the minima 
are due to the presence of small traces of impurity in the surface-active 
compounds studied, and it appears probable that this explanation has 
general validity. 


Fra. 1. 


In the case of sodium dodecyl sulfate an experimental determination of 
the quantity of solute adsorbed on aqueous solutions has been made by 
use of a radioactive tracer technique which is thought to be of general 
interest and value. Radioactive sodium, Na”, was exchanged with some of 
the normal sodium in a pure sample of the detergent from which the 
aqueous solutions were prepared. Platinum wire of about 0.5 mm. dia- 
meter was bent into the shape of a circle provided with a stirrup for 
convenience in handling. The ring was immersed, after gentle flaming, 
into a solution of the radioactive detergent, and then carefully raised 
through the surface as shown in Fig. 1, so that a film of the solution was 
formed on the ring. Once free of the surface of the solution the ring plus 
film was rapidly transferred to a weighing bottle and the weight of the 
solution in the film determined. This transfer must be carried out rapidly 
but carefully to avoid rupture of the film. The contents of the weighing 


1 Research done at the Brookhaven National Laboratory under the auspices of the 
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bottle were rinsed out and the quantity of radiosodium in the rinsings 
determined by radioassay in the conventional way. 

By comparing the count of the film material with an equal weight of the 
solution drawn from the interior of the bulk solution the excess sodium pres- 
ent in the surface of the film was readily determined. 

If it is assumed that the number of sodium ions adsorbed on the surface 
of the film is exactly the same as the number of dodecyl sulfate ions, as 
seems reasonable, the quantity of sodium dodecyl sulfate adsorbed per 
unit area may be calculated. 

The observed values for the surface concentration of the detergent Ta 
are given in Table I together with corresponding values calculated from 


TABLE I 
Concentration of 
detergent Ta obsd. Ta cale. 
moles/liter moles/cm.? X1079 moles/cm.? X10- 
4.9X103 9.542 6.1 
2.4X 10-3 5.7+1.6 4.5 
1.0 10-3 1.1+0.5 1.8 
the following form of the Gibbs equation (4) 
Naat ft 06 
D; hoe eae (1) 
N. L 2 fh 00 


It will be seen that the agreement is reasonably good, but is much less than 
that attainable by the “microtome” method of McBain and Swain (5). 
Agreement between individual results at a given concentration was of the 
order + 35%. Such agreement is much less than that obtainable in the 
radioactive assay, and it must be concluded that the variations arise from 
differences in the rate of withdrawal of the ring from the surface. Whether 
the rate of withdrawal affects the attainment of equilibrium or drainage 
of solution in the film cannot at present be determined, although on 
theoretical grounds failure to attain complete equilibrium would seem to 
be the more likely explanation. 

Experiments were also carried out on a solution containing 7 X 10-3 
moles per liter of sodium dodecyl sulfate contaminated with 0.1% dodec- 
anol. This concentration was shown by Miles and Shedlovsky (2) to be 
near to the minimum of the surface tension curve for the contaminated 
material, and Tz should be zero at this concentration if the solution is 
treated as a 2-component system. The results varied among themselves by 
about 40% but gave a mean value of 0.83 + 0.30 * 10-” moles of sodium 
dodecyl sulfate/cm.? There is no theoretical value with which this can be 
compared, since osmotic data for the solution containing both solutes are 
not obtainable, and to assume ideality in the solution is clearly inadmis- 
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sible, since even the detergent alone at this concentration is far removed 
from ideality. Hence, although for this particular system no check be- 
tween theory and observation is possible, the experiment demonstrates 
the fallacies in treating the system as a 2-component system. 

Further experiments were carried out on solutions of lauryl pyridinium 
chloride in which some of the chloride ion was exchanged with radiobro- 
mine. Positive values of Ig were obtained, but without information on 
the equilibrium governing the exchange of the bromide and chloride ions 
the results are only semiquantitative, and are not quoted here. These 
experiments are part of an extensive investigation of the application of the 
Gibbs equation to complex systems. 

The author has great pleasure in acknowledging his gratitude to the 
many colleagues at the Brookhaven National Laboratory whose coopera- 
tion facilitated these exploratory investigations. 
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BOOK REVIEWS 


Elastomers and Plastomers, Their Chemistry, Physics and Technology. Volume III. 
Testing and Analysis ; Tabulation of Properties. Edited by R. Houwtnx. Elsevier Pub- 
lishing Co., Inc. New York and Amsterdam, 1948. 174 pp. Price $4.50. 


This volume consists of the following five chapters: 1. Introduction, by R. Houwink. 
2. Methods of Testing, by J. H. Teeple. 3. The Chemical Analysis of Polymers, by A. G. 
Epprecht. 4. Properties of Elastomers, by B. B. S. T. Boonstra. 5. Properties of Plasto- 
mers, by W. F. Van’T Wout and R. Houwink. 

It is an extremely useful book which packs into approximately 170 pages the major 
part of all the available information on the chemical and physical properties of most 
polymeric materials. 

In his Introduction, Dr. Houwink states the point of view from which the contents of 
the volume have been collected: the methods of testing. This explains the separate treat- 
ment of elastomers and plastomers. The theoretical analysis of properties is the subject 
matter of a different volume of the series. The use of units, the spread of values for a 
given property, and the method of rounding off numerical values to significant figures is 
mentioned. The approach is fully sound and it is refreshing to be promised data in truly 
usable form where formerly, in most cases, only an unsystematic mess was available. 
Let it be said in anticipation, that Dr. Houwink’s promise is fulfilled. 

Dr. Teeple’s Methods of Testing is introduced by a sampling of the lack of standardiza- 
tion of testing methods. He then proceeds to discuss the conditions which affect test 
results; moisture, temperature, size and skin effect, speed of testing, and specimen 
preparation. A short paragraph on the very important question of the dependence on 
Casting and Molding properties of the measurement is followed by the paragraph on 
Mechanical Properties. In this, first, the measurement of tensile properties—tensile 
strength, modulus, creep, and hysteresis—is thoroughly treated. Methods of measuring 
and reporting compressive properties, flexural properties, impact strength, hardness, 
abrasion, and fatigue follow. Under the heading Thermal Properties, the determination of 
thermal expansion, softening temperature, and flammability, are discussed. The meas- 
urement of haze and birefringence comprise the paragraph on Optical Properties. Under 
Chemical Properties, the testing of resistance to chemical reagents in general is followed 
by the discussion of water absorption, moisture vapor permeability, and resistance to 
weathering and aging. Finally, dielectric strength, electrical resistance, dielectric con- 
stant, and power factor and arc resistance are treated under the heading Electrical Tests. 
All the above is successfully concentrated in approximately 55 pages. 

Dr. Epprecht’s Chemical Analysis of Polymers deserves equal praise. An introduction 
outlining the difficulties of the analysis of polymers is followed by a paragraph on prep- 
aration for analysis and one on preliminary examination. In this latter, the specific tests 
are described under a number of headings, whereas in the paragraph on systematic 
analysis 36 steps are listed, indicating from which step the one described follows, and 
also what the outcome of the test indicates as to the nature of the polymer. A typical 
example: “step 1—the plastic is soluble in cold water . . . ; step 2—the aqueous solution 
of the plastic coagulates to a gel on warming, Methyl cellulose. The aqueous solution does 
not coagulate, Polyvinyl alcohol.” Under further specific tests the behavior of the plastic 
or resin in the Bunsen flame, fluorescence of polymer, etc., are listed. A scheme for the 
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qualitative analysis of the more common plastics, based on their solubilities in organic 
solvents, is given in the form of a table. Similarly collected in a table are the resistance 
to chemicals of polymers. A paragraph deals with an example of a qualitative analysis 
of a plastic, carrying it through all steps. The last paragraph of the chapter deals with 
the quantitative analysis of the most important polymers. 

The last two chapters contain a tabulation of properties of elastomers collected by Dr. 
Boonstra, and properties of plastomers collected by Van’I Wout and Dr. Houwink, in 
addition to a short introduction on standardization. It is impossible to do justice to those 
tables otherwise than by reproducing their contents, which is manifestly impossible. 
Suffice it to state that they are as complete as can be expected by the severest critic. 

In summarizing, be it said that Dr. Houwink and his collaborators deserve the grati- 
tude of every person dealing with macromolecules, be it from the point of view of funda- 
mental research at one extreme, to that of the businessman at the other extreme. In- 
cidentally, the volume seems to t he reviewer as well suited for the classroom and school 
laboratory use (if appropriately supplemented by fundamental texts) as it is valuable 
for the research investigator. 

GrorcEe GoLpFINGER, Buffalo, New York 


Neue Verfahren in der Technik der chemischen Veredlung der Textilfasern (Hilfs- 
mittel in der Textilindustrie). Vol. I. By Louis Diserens. Published by Verlag 
Birkhauser, Basle, Switzerland, 1948. Price 87.50 Swiss francs. 


The work of Dr. Diserens was originally published in French between 1937 and 1940. 
The first. German edition was published in 1941. The second German edition is entitled 
“Recent Developments and Processes in the Chemical Technology of Textiles.” The 
first part of this is entitled “Recent Developments in the Application of Dyes,” the 
second part “New Processes in the Technique of. Textile Finishing.” The book to be 
reviewed here is the first volume of this second part and consists of the following chapters: 
1. Pretreatment of vegetable fibers. 2. Pretreatment of animal fibers. 3. Treatment of 
silk. 4. Bleaching of textile fibers. 5. The action of caustic on cellulose fibers. 6. The 
action of acids on vegetable fibers. 

The book contains an unusually great deal of useful information. It is neither a text- 
book nor a comprehensive survey of present technique but rather a systematic com- 
pilation of patent literature. The text of nearly 700 pages makes reference to approxi- 
mately 2000 patents, about one third of these being U. S. patents. This is by itself an 
enormous help to the research workers frequently trapped in the maze of patents in this 
field. The book would have gained in usefulness if the author would have exerted more 
effort to critically evaluate the relative merits of the patented processes. Of particular 
value are the numerous tables of textile finishing compounds, listing product, producer, 
chemical nature, properties, literature, and application. In this type of work minor errors 
are almost unavoidable, and while their number in the present work appears to be rather 
low, they warrant a certain caution in use of the tables. Since the text was written in 
1944 and 1945, only limited use could have been made in the proofs of the reports on the 
German industry, published by the Allied military authorities, which contain much in- 
formation unavailable before. 

In spite of its shortcomings, the work of Dr. Diserens is a valuable addition to the 
literature of modern textile technology which will be highly welcomed by textile research 
men and textile technologists everywhere. 


Emery I. Vatko, Mountain Lakes, N. J. 
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Surface Chemistry. Papers presented for a Discussion at a joint meeting of the 
Société de Chimie Physique and the Faraday Society held at Bordeaux from 5 to 9 
October 1947 in honour of Professor Henri Devaux, published as a Special Supplement to 
Research, A Journal of Science and its Applications. Published by Butterworths Scientific 
Publications, London, and Interscience Publishers, Inc., New York, 1949. 334 pp., 
92 X 7% in. Price $6.00. 

This excellent collection of papers embodying recent investigations in the science of 
Interfaces is now available in book form, under the Editorship of the Faraday Society. 
It opens with the Presidential address by H. Devaux on the ‘‘Hygroscopicity of Mono- 
layers.” “Theoretical Aspects of Interfaces” are treated by E. A. Guggenheim, D. J. 
Crisp, M. Joly, and D. G. Dervichian, pp. 11-52; ‘Physical Chemistry” by A. F. H. 
Ward, D. J. Crisp, R. C. Palmer, J. F. Danielli, J. T. Davies, J. Guastalla, K. G. A. 
Pankhurst, J. Pouradier, A. Dubois, A. E. Alexander, J. Michel, M. Abribat, M. Joly, 
F. Lachampt, C. R. Clark, J. Degont, L. Denard, D. G. Dervichian, M. Raison, and R. 
Matalon, pp. 55-201; ‘Films on Solid Surfaces” by S. J. Gregg, D. Tabor, E. D. Tingle, 
M. A. Marcelin, and P. Cotton, pp. 205-238; “Biophysical Chemistry” by A. C. Frazer, 
A. Dognon, L. Gougerot, J. H. Schulman, W. M. Armstrong, J. Elkes, J. B. Finean, J. 
Remy, A. E, Alexander, A. I. McMullen, A. J. H. Tomlinson, F. Tayeau, and P. 
Blanquet, pp. 241-334. 

This is an imposing list of experts of standing in this field. In several cases, the papers 
are in both French and English, and in all cases a summary in the other language is given. 

The printing, format, paper, and reproduction of the figures and photographs are of a 
high quality. The physical appearance of the book is far above the average of those ap- 
pearing at the present time. 

The publishers are to be commended for making a book of this size available at what is 
today a modest price. 

Victor K. La Mer, New York, N. Y. 
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